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INTRODUCTION 
Dissertation Organization 
The alternate format is used in my dissertation with the inclusion of three papers. The 
main body consists of: one short paper, which will be submitted for publication to 
Biochemical Biophysical Research Communications; a second long paper, which will be 
submitted for publication to Biochemical Journal; and a third long paper, which will be 
submitted for publication to The Journal of Biological Chemistry. I was responsible for 
planning and implementing essentially all of the experiments in these three papers. I 
received help with confocal microscopy, amino acid analysis, and cDNA sequencing from 
the Iowa State University Confocal Microscope Facility, Protein Facility and DNA 
Sequencing and Synthesis Facility, respectively. Dr. Bruno Becker, a former postdoctoral 
fellow in our laboratory, did the majority of the work in preparing a P-galactosidase-
paranemin fusion protein, which is shown in the third paper. The protease calpain used in 
an experiment in the third paper was purified by Dr. Elisabeth Lonergan, a former 
graduate student in our laboratory. The references cited in the Introduction and in each of 
the three papers immediately follow each one in a Reference section. A comprehensive 
reference list, including titles of the articles, is found in the Bibliography section at the end 
of this dissertation. 
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General Overview 
Intermediate filaments (IFs) comprise one of the three major filament networks in 
nearly all eukaryotic cells (for reviews see Robson, 1989, 1995; Fuchs and Weber, 1994), 
with the other two filament systems being microfilaments (actin filaments) and 
microtubules. The term "intermediate-sized filament" was first used by Ishikawa et al. 
(1968), when they observed filaments, which had an intermediate diameter (~10 nm) 
compared to actin filaments (~7 nm) and thick myosin filaments (~I5 nm) between the 
myofibrils in developing muscle cells. Later the name has come to be focused on the fact 
that the IFs also have a diameter intermediate in size between the actin filaments and 
microtubules (23 nm) observed in nonmuscle ceUs. The IFs have been studied for over 30 
years now, but they still represent one of the last functionally important protein assemblies 
in the cell that do not have a clear biological role (Traub and Shoeman, 1994). As 
molecular biology techniques became available and the IF proteins were sequenced, it 
became clear in the 1980's that IFs fi-om different cell types are composed of proteins that 
share common sequence and structural features. Today the IF protein superfamily contains 
over SO proteins that are classified into as many as six classes or types based upon 
sequence, and there are probably others that have not been discovered. The major IF 
protein in most mature muscle cells is desmin (Huiatt et al., 1980; O'Shea et al., 1981). In 
mature striated muscle cells, most of the IFs are located in a collar-like arrangement 
around the periphery of the myofibrillar Z-lines (Robson, 1995). It is unknown, however, 
how the desmin-containing IFs are linked to the myofibrils. Paranemin is a minor protein 
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constituent in muscle cells, but because it copuiifies from embryonic muscle with desmin 
and vimentin IF proteins and is colocalized with desmin at myofibrillar Z-lines (Breckler 
and Lazarides, 1982; Price and Lazarldes, 1983), we propose it may have a role in 
attaching desmin IFs to the Z-lines and possibly to the muscle cell membrane. Because 
very little was know about paranemin's properties and fiinction, the focus of the studies 
that follow is on the purification, characterization and molecular cloning of muscle 
paranemin. Paranemin will be shown to be a novel IF protein, rather than an IF-associated 
protein (IFAP) as has been believed since its discovery. The results that will be described 
are supportive of a role for paranemin in attachment of IFs to other structures such as 
myofibrillar Z-lines and/or the cell membrane at cell-matrix adhesion plaques. 
Literature Review 
In this literature review, I start by briefly describing the general structure and function 
of skeletal and cardiac muscle, and then describe the structure and arrangement of 
filaments in the striated muscle myofibril. Next is a discussion of the major myofibillar 
proteins and of vertebrate striated muscle contraction. This will be followed by a brief 
discussion of smooth muscle and some of its differences in comparison to striated muscle. 
Sections describing specific aspects of striated muscle development, intermediate filaments 
(IFs) and their associated proteins (IFAPs), which is penultimate, and lasdy a section 
discussing the similarities between transcription factors and intermediate filaments 
complete the literature review. 
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Skeletal muscle 
Collagen is the primary structural component of connective tissue in muscle, which 
provides a network of fibers throughout each muscle body (Light and Champion, 1984). 
The epimysium surrounds the entire muscle like a sheath and is continuous with the tendon 
in skeletal muscle. The epimysium is, in turn, continuous with the perimysium, which 
surrounds bundles of muscle fibers and gives meat its texture. The perimysium is 
continuous with the endomysium, which surrounds each muscle fiber (cell) and can be seen 
with the aid of the light microscope. This collagen network is continuous from the tendon 
throughout the entire muscle to the endomysium and individual muscle cells. In this way 
the force of muscle contraction is transmitted through connective tissue, via the tendon, to 
the bone (Light and Champion, 1984). 
The smallest units in muscle that can give a physiological response are the muscle 
fibers, each of which contains a complex contractile apparatus enclosed by an electrically 
polarized membrane (Huxley, 1972). Muscle fibers characteristically have diameters 
between 20-100 ^m. Lengths of fibers depend on the muscle and its construction. Common 
laboratory models have included frog sartorius and rabbit psoas muscles because they are 
several cm in length- The term skeletal muscle fiber is synonymous with muscle cell, 
therefore, muscle fibers are the cellular units within skeletal muscle. 
Each fiber of skeletal muscle is a multinucleated cell, formed by fusion of 
mononucleated myoblasts during embryonic development (reviewed in Obinata, 1994). In 
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early stages of developing muscle cells, the nuclei are centrally located and they move 
during development to a position directly underneath the sarcolemma, a trilaminar 
membrane that surrounds the muscle fiber. The mitochondria, ribosomes, storage granules, 
glycogen, and Golgi complex of muscle fibers are considered structurally and functionally 
similar to their counterparts in nonmuscle cells (Goll et al., 1984). A transverse tubule 
system, also called the T-system or the T-tubules, which are open to the exterior of the 
fiber, carry electrical impulses into the interior of the cell rapidly and efficiently (for 
reviews see Huxley, 1972; Lytton and MacLennan, 1992). An elaborate intracellular 
membrane system called the sarcoplasmic reticulum (SR) is the muscle analog of the 
nonmuscle endoplasmic reticulum, and regulates the levels of free Ca"*"^ that in turn control 
muscle contraction. The SR has two main regions, including (1) the junctional SR, which 
is a specialized contact region between the SR and either T-tubules or the sarcolemma, and 
(2) the free SR, which is found between the junctional SRs. In the middle of the free SR 
the fenestrated collar surrounds the middle of the myofibrillar sarcomere (Huxley, 1972; 
Lytton and MacLennan, 1992). 
The contractile units in muscle fibers are the myofibrils, each of which is usually 1-3 
^m in diameter and normally extends the entire length of the muscle cell (Goldspink, 1970; 
Craig, 1994). Each myofibril is surrounded in part by the SR and has a banded cross-
striated appearance along its length. Because all the myofibrils in a cell are aligned in 
register, and all of the fibers also are arranged in register, the entire muscle appears cross-
stiiated. 
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Cardiac muscle 
Cardiac and skeletal muscle differ mainly in their metabolism, because cardiac muscle, 
which depends entirely upon aerobic metabolism, contracts continuously throughout its 
lifetime. Cardiac ceUs are arranged in overlapping bundles, and the bundles in layers. Cell 
borders jut in and out in somewhat of a staggered or stairstep arrangement, thereby locking 
together adjoining ends of two cells (Sommer and Jennings, 1992). At the base of the 
ventricle lies the largest mass of cells where the greatest forces of contraction are 
generated. Cardiac cells are usually mononucleated and the nucleus is centrally located in 
the cell. Fibers are not synonymous with cells in cardiac muscle. Structurally, individual 
short cells exist along fibers, but physiologically the myocardium behaves like a 
syncytium, which means the heart has electrical continuity among cells throughout. 
Electrical coupling between cells exists in specialized cell membrane structures called 
intercalated disks that provide electrical and mechanical connections in the heart. 
Components of the intercalated disk, which exist at the ends of the cell, include the (1) 
nexus (gap junction, zonulae occludens), which lies parallel to the long axis of the cell, (2) 
the desmosome (maculae adherens), which functions as a mechanical connection between 
cells, and the intermediate junction (fasciae adherens), which takes the place of the 
terminal Z-line (Page and Fozzard, 1973; Goll et aL, 1984; Sommer and Jennings, 1992). 
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Structure of the myonbrU in striated muscle 
The myofibril is the contractile organelle that separates muscle from nonmuscle cells 
and comprises over one-half of the muscle volume. In the light microscope a system of 
repeating transverse bands are seen, which reveal clues to the structure of the myofibril. 
The repeating transverse bands arise because a variation in density is present along the 
length of the myofibrils. Bands in adjacent myofibrils within a cell, and even those in 
adjacent cells, are precisely aligned with each other from one end to the other. Thus, the 
myofibrils are responsible for the crossbanded structure in skeletal and cardiac muscle, and 
give rise to the term striated muscle. The myofibril is not completely enclosed by a 
membrane. The complex of proteins (>20) within the myofibril (Huxley, 1972; Robson, 
1995) is insoluble and can exist without a membrane completely surrounding it. 
Each longitudinal repeat of the pattern along the long axis of a myofibril is known as a 
sarcomere. In vertebrate muscles, sarcomere lengths usually are about 2.3-2.8 nm at 
normal resting states. The ends of the sarcomere are defined by the Z-line structure, which 
appears as a dense narrow line or disk running perpendicular to the long axis of the 
myofibril and cell (Huxley, 1972). Within each sarcomere a more dense, bright 
birefringent zone, is seen under the polarized light microscope, and is known as the A 
(anisotropic) band. The A-band is located symmetrically in the middle of the sarcomere 
and is sq)arated from the Z-lines by zones of lower density and weaker birefringence 
known as I (isotropic) bands. In a muscle at rest length and a sarcomere length of about 
2.5 ^m, the A-band is about 1.5 ^m long and the two halves of the I-band fianking the Z-
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line are each about 0.5 nm long, giving an overall I-band length of about 1 The 
central region of the A-band in rest-length muscle is somewhat less dense than its lateral 
regions and is known as the H-zone, which is approximately 0.5 nm in length. When a 
muscle contracts, birefringence decreases 40-45%, indicating that a fundamental change 
occurs in the A-band while the muscle is contracting (Huxley and Hanson, 1954; Huxley 
and Niedergerke, 1954; Huxley, 1957). During muscle contraction, sarcomere lengths 
decrease to ~2-2.25 ^m, depending on the extent of the contraction. 
Arrangement of thin and thick filaments within striated muscle myofibrils 
The banding pattern in myofibrils is seen by light microscopy because they are 
constructed with overlapping arrays of longitudinally-running thick and thin filaments, 
which were first seen when thin sections of striated muscle were examined in the 
transmission electron microscope (Huxley, 1953). Only thin filaments (~7 nm in diameter) 
are seen in parts of the sarcomere corresponding to the I-bands, whereas both thin and 
thick (~15 nm in diameter) filaments are present in the A-band. The length of the A-band 
corresponds to the length of the thick filament, whereas the thin filament extends fi-om the 
Z-line to the edge of the H-zone. The repeating banding patterns of thick and thin filaments 
observed by electron microscopy account for the sharp variation in density seen by light 
microscopy. 
The thick filament often appears thicker at the very center of the A-band, and then 
tapers at either end for about 150 nm. Cross-bridges also can be observed, in well 
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preserved material, between thin and thick filaments, which occur at longitudinal intervals 
of about 43 nm between a given thick and thin filament (Pepe, 1967a, 1967b; Craig, 
1994). In cross-section, six thin filaments surround each thick filament. The cross bridges 
are ~5-6 nm in diameter and ~18-19 nm long. Another structural feature or region 
observed, called the pseudo H-zone or bare zone, is that area in the center of the A-band 
where no cross-bridges extend from the surface of the thick filament. Another structural 
feature of the myofibril that is observed by electron microscopy is the M-line (disk). The 
M-line runs transverse to the long axis of the myofibril and is present at the middle of the 
A-band (Huxley, 1972; GoU et al., 1984). The M-line is composed of three proteins 
(Robson, 1995) and is believed to link each thick filament to the nearest six thick filaments 
in a hexagonal pattern. There are two thin filaments per one thick filament in cross-sections 
of vertebrate skeletal muscle, so there is always sharing of thin filaments between thick 
filaments. During contraction, muscles maintain virtually constant volume by changing the 
space between the thick and thin filaments (Goll et al., 1984), The Z-lines also have the 
ability to expand, because electron micrographs of cross-sections taken directly adjacent to 
the Z-line in shortened muscle show increased distances between neighboring thin filaments 
entering the Z-line. In relaxed muscle, these thin filaments are ~22-25 nm apart, and in 
contracted muscle tiiey are ~28-30 nm apart (Goll et al., 1984; Vigoreaux, 1994). 
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Myoflbrillar proteins 
Myofibrillar proteins constitute 52-56% of total protein in skeletal muscle and 45-50% 
of the protein in cardiac muscle (Goll et al., 1984; Craig, 1994; Robson, 1995). Thick 
filaments contain all the myosin of the myofibril. Myosin makes up ~45% of total 
myofibrillar protein by weight, and constitutes approximately 94-96% of the protein in the 
thick filaments of vertebrate striated muscle. Most of the remaining protein in the thick 
filament is composed of C-protein and H-protein. The M-line is composed of three 
proteins, M-protein, myomesin, and creatine kinase. Actin, the principal component of the 
thin filament, makes up the second largest percentage (15-20%) of the myofibril by weight 
(Goll et al., 1984). Other major thin filament proteins, and their percentages of the 
myofibril by weight, include tropomyosin (4-6%), troponin (4-6%), and nebulin (~3%). 
Each thin filament is anchored at the Z-line, but is not continuous across the Z-line 
(Yamaguchi et al., 1982, 1985). The integral Z-line structure consists of actin, a-actinin, 
CapZ, and the ends of titin and nebulin (Labeit and Kolmerer, 1995a, 1995b; Robson, 
1995). Peripheral Z-line proteins include the intermediate filaments, which are composed 
primarily of desmin (Stromer, 1990, 1995; Robson, 1995). The protein titin was 
discovered by Wang et al. (1979) and is 2.5-3.0 nm in diameter and >1 jxm in length, 
with a single molecule spanning the distance from the Z-line all the way to the M-line (for 
a review see Small et al., 1992). 
Myosin and actin are both necessary and completely sufficient for an in vitro contractile 
response (Sheetz and Spudich, 1983; Goll et al., 1984). Myosin consists of a diverse 
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family of proteins that are present in all eukaryotic cells (Goodson and Spudich, 1993). 
From gene cloning and DNA sequencing studies, more than 10 classes of the myosin gene 
have been found (for a review see Darnell et al., 1995). Myosin n, the form discovered in 
muscle, powers muscle contraction. Myosin n is a very large protein consisting of a long 
a-helical coiled-coil rod domain that is ~155 nm long and ~1.5 nm in diameter, with two 
pear-shaped heads at one end. The myosin n molecule contains three pairs of polypeptide 
chains, including two chains that comprise all of the long myosin rod domain and most of 
the mass of the two heads, and two pairs of light chains, with a member of each pair 
associated with each of the myosin heads (Craig, 1994). Myosin n has three 
physiologically important properties: (1) myosin spontaneously aggregates to form thick 
filaments; (2) myosin has the enzymatic ability to split ATP and release energy; in the 
absence of actin, myosin adenosine triphosphatase (ATPase) activity is inhibited by Mg^^, 
but when myosin is combined with actin, its ATPase activity is activated by Mg"^^; and (3) 
myosin binds strongly to actin; the actin-myosin complex is specifically dissociated by 
ATP when Mg"*"^ is present (for review see Goll et ah, 1984). The three-dimensional 
structure of myosin 'subftagment-l' has been determined at a resolution of 2.8 A (Rayment 
et al., 1993a). A model of the actomyosin complex was reported at the same time 
(Rayment et ah, 1993b). The conformational changes that occur in the actomyosin 
complex during contraction can now be studied and discussed in terms of molecular 
structure (Rayment and Holden, 1993, 1994). 
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Actin (42 kDa, ~375 residues), the most abundant intracellular protein in many 
nonmuscle eukaryotic cells, is encoded by a large, highly conserved gene &mily. Six actin 
isoforms are present in vertebrate cells (Herman, 1993). Actin is a much smaller molecule 
than myosin and contains only one polypeptide chain. In skeletal muscle, actin comprises 
about 10% by weight of the total protein (Darnell et ah, 1995). Actin can exist as a 
globular monomer called G-actin and as a ^amentous polymer called F-actin, which 
r^resents two long strings of G-actins arranged in a helical fashion (Goll et al., 1984). F-
actin forms the core of the thin filament in muscle cells. Each actin monomer is capable of 
binding a single myosin SI head. The atomic structure of G-actin (Kabsch et ah, 1990) and 
an atomic model of the actin filament have been reported (Holmes et al., 1990). 
Other proteins that are associated with the thin filaments in muscle that are particularly 
important are tropomyosin, troponin, CapZ and tropomodulin. Tropomyosin is a 
homodimer (66 kDa) with two 284-residue subunits forming an a-helical coiled-coil 
(Hitchcock-DeGregori and Vamell, 1990). Only the residues at the extreme ends of the 
molecules are not in the a-helices. A tropomyosin molecule is ~40 nm long and joins head 
to tail with successive molecules to form long cables wound in the grooves of the F-actin 
helix, so that each molecule of tropomyosin interacts with seven actin monomers (for 
review see Zot and Potter, 1987). Troponin (69 kDa) consists of three subunits: TnC, a 
Ca"^^ binding protein that is 70% homologous to calmodulin; Tnl, that binds to actin and 
inhibits actin-myosin interaction; and TnT, an elongated subunit that binds to the other two 
troponin subunits and also to tropomyosin at its head to tail junctions (Zot and Potter, 
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1987). Troponin is located on actin filaments of vertebrate striated muscle with a 38 nm 
periodicity (Ohtsuld et al., 1988). The troponin-tropomyosin complex regulates actin-
myosin interactions in response to Ca'*'^  concentrations in the cell (Ebashi and Endo, 1968; 
Ohtsuld et al., 1986; Zot and Potter, 1987), CapZ is an integral Z-line protein that caps 
the barbed ends of actin filaments (Casella et ah, 1986, 1987). It is a heterodimer (66 
kDa), consisting of 36 kDa and 32 kDa subunits. CapZ has no actin severing activity and 
its actin binding ability is not affected by Ca"^^. It was concluded that P-actinin, a protein 
first described in the mid 1960's, is equivalent to CapZ (Maruyama et al., 1990). 
Tropomodulin caps the pointed end of actin filaments and is a 41 kDa tropomyosin-binding 
protein CFowler et al., 1993). It was first isolated from human erythrocyte membrane 
skeletons where it binds to one end of erythrocyte tropomyosin and blocks head-tail 
association of tropomyosins along actin filaments (Fowler et al., 1993). Tropomodulin 
completely blocks elongation and depolymerization at pointed ends of tropomyosin-actin 
filaments in stoichiometric concentrations where Kj ^ 1 "M (Weber et al., 1994). 
a-Actinin initially was discovered in skeletal muscle extracts as a factor promoting the 
supeiprecipitation of synthetic actomyosin (Ebashi and Ebashi, 1965), was found to 
localize in the Z-line of striated muscle (Masaki et al., 1967), and was first purified and 
characterized in our laboratory (Robson et al., 1970; Suzuki et al., 1976). It is known now 
that a-actinin is located in the interior of the myofibrillar Z-lines (Granger and Lazarides, 
1978; Yamaguchi et at., 1985). The a-actinin molecules from many sources are each a 
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homodimer with a subunit molecular weight of ~93-103 kDa. The two subunits are 
assembled in an anti-parallel ^hion (Blanchard et al., 1989; Vandekerckhove, 1990). 
Other thick filament proteins that bind to myosin are C-protein (one subunit of ~130 
kDa) and H-protein (56 kDa by sequence and 74 kDa by SDS-PAGE) (Vaughan et al., 
1993). The C-terminal 40 kDa part of H-protein shares 49.6% identity with C-protein. The 
roles of these proteins remains speculative, but they may link titin to the myosin filament 
(Craig, 1994). 
Proteins in the M-line include; (1) myomesin, an ~185 kDa monomer (Grove et al., 
1984); (2) M-protein, an ~165 kDa monomer (Noguchi et al., 1992); and (3) muscle 
specific creatine kinase, an ~80 kDa dimer (Turner et al., 1973). Skelemin, an ~195 kDa 
monomer, is also found at the periphery of the myofibrillar M-line in mammalian striated 
muscle (Price, 1991; Price and Gomer, 1993). 
Titin (Wang et al., 1979), also called connectin (Maruyama et al., 1981), is the largest 
protein known and in vertebrate striated muscle represents a third filament system. Titin is 
a single polypq)tide of about 27,000 amino acids, with a molecular weight of nearly three 
million (Small et al., 1992; Labeit and Kolmerer, 199Sa). Each titin molecule spans from 
inside the Z-line to inside the M-line, a distance longer than 1 ^m (Furst et al, 1988). The 
entire cDNA sequence of cardiac titin (82 kb) recentiy has been completed, which was 
quite an accomplishment (Labeit and Kolmerer, 1995a). The cDNA derived sequence 
reveals a new type of structural motif (PEVK) that may account for the elasticity within the 
molecule. 
Nebulin (Wang and Williamson, 1980) is a very elongated (1 |Am), thin (-'I nm in 
diameter) molecule that runs in parallel along or in each groove for the full length of the 
thin filament, i.e., from the free end of the thin filament (nebulin's N-terminus) to the Z-
line (nebulin's C-temiinus) (Chen et al., 1993). Nebulin is only present in skeletal muscle 
cells. The entire cDNA sequence of human nebulin (20.8 kb) is now known, which 
encodes for a 773 kDa protein (Labeit and Kolmerer, 1995b). Nebulin may be important in 
organizing the thin filaments during myofibrillogensis, by anchoring the thin filament 
firmly to the Z-line, acting as a template ruler for thin filament assembly to control the thin 
filament length, and by helping regulate actin-myosin interactions (Jin and Wang, 1991; 
Labeit et al., 1991; Root and Wang, 1994; Wang et al., 1996). 
Intermediate filaments, located primarily around the periphery of the myofibrillar Z-
lines, are important components of the vertebrate striated muscle cell that will be described 
later. 
Contractioii of vertebrate striated muscle 
Thick and thin filaments slide past each other during muscle contraction, with both 
filaments maintaining constant length. The contraction is accompanied by equal reductions 
in lengths of the I-band and H-zone regions, resulting in contracted muscle being ~15% 
shorter than its resting length (independently reported by H.E. Huxley and Hansen, 1954; 
A.F. Huxley and Niedergerke, 1954). These observations led to the 'Sliding Filament 
Model of Muscle Contraction', which proposed that the force of muscle contraction is 
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generated by a process in which interdigitated sets of thick and thin filaments slide past 
each other. Contractile force is initiated by actin stimulation of myosin's ATPase activity. 
A detailed structural-based model for the interaction between actin and myosin recently has 
been proposed (Rayment et ah, 1993a, 1993b, 1994). This model includes the so-called 
rigor complex of the myosin SI head and F-actin, present when the muscle is deprived of 
ATP, and can explain how ATP hydrolysis is coupled to myosin's conformational change. 
Calcium regulates muscle contraction in a process mediated by troponin and 
tropomyosin. The troponin-C subunit of troponin binds Ca"*"^, which causes a long-range 
allosteric shift through the other two troponin subunits, and causes tropomyosin to move 
~10 A further into the thin filament grooves (Zot and Potter, 1987). This movement of 
tropomyosin is thought to uncover actin's myosin-binding site, which switches on muscle 
contraction. Following a contractile event, Ca"*"^ ions are pumped back into the 
sarcoplasmic reticulum, and the series of conformational changes in the thin filament 
proteins are reversed (for review see Lytton and MacLennan, 1992). 
Smooth muscle 
Smooth muscles are involuntary and nonstriated, and are located in the digestive tract, 
reproductive system, vascular system, urinary tract, sMn and ducts of glands. Smooth 
muscle cells are elongated (100-500 |im) and between 3-6 fim in diameter, with a single 
nucleus located in the center. Cells may be in overlapping bundles, straight, or spiral in 
shape, depending on the specific tissue. Smooth muscle cells are nonstriated, with no 
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regularity or cross-banded structure as seen in skeletal or cardiac muscle cells. A common 
ratio of thin to thick filaments is 13:1, with a weight ratio of actin to myosin of 3:1. Thus, 
there is proportionally much more actin in smooth muscle than in striated muscle. The 
thick filaments contain myosin n, and have no C-protein or H-protein. The precise 
composition of the thin filaments in smooth muscle is controversial because there are 
probably two types of filaments (for a review see Somlyo and Somlyo, 1992). One thin 
filament system contains actin, tropomyosin, calponin, and caldesmon in a 28:4:4:1 ratio. 
These filaments contain no troponin and are in the 'contractile' domain. The second 
filament system is present in the 'cytoskeletal domain', and contains actin, tropomyosin, 
calponin, and filamin (Somlyo and Somlyo, 1992). The thin filaments insert into dense 
bodies, Z-line analogs. Intermediate filaments (IFs) are very abundant in smooth muscle 
cells and comprise ~8% of the myofibrillar/structural proteins (Huiatt et ah, 1980), which 
is ~23 times as much as the IFs comprise in skeletal muscle (O'Shea et al., 1981). 
Intermediate filaments attach to cytoplasmic dense bodies and to membrane associated 
dense bodies. Some investigators believe that two separate contractile and cytoskeletal 
domains exist in smooth muscle cells (Small, 1974, 1977), whereas others believe these 
two domains are not separate, and act as one overall contractile unit (Somlyo and Somlyo, 
1992). 
Smooth muscle contraction is triggered by Ca , which forms a Ca -calmodulin 
complex that in turn binds to and activates the enzyme myosin light chain kinase (MLCK). 
The regulatory light chains of myosin are phosphorylated, which allows contraction to 
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proceed. When the [Ca"*"^] falls, through the action of the sarcoplasmic reticulum Ca"^^-
ATFase, the MLCK is deactivated, the regulatory myosin light chains are 
dephosphorylated by myosin light chain phosphatase, and the muscle relaxes (Somlyo and 
Somlyo, 1992). Smooth muscle contraction can also be regulated hormonaUy, for example, 
with epinq>hrine. This hormone modulation inhibits the contractile response causing 
smooth muscle to relax via calmodulin kinase n, kinase A, and kinase C (Somlyo and 
Somlyo, 1994). These protein kinases inactivate myosin light chain kinase, and prevent 
phosphorylation of the myosin regulatory light chains. Studies also have revealed 
previously unrecognized contractile regulatory processes, such as G-protein-coupled 
inhibition of myosin light chain phosphatase, regulation of myosin light chain kinase by yet 
other types of kinases, and by the functional effects of different smooth muscle myosin 
isoforms (Somlyo and Somlyo, 1994). 
Striated muscle development 
Myogenesis of mammalian skeletal muscle cells can be divided into three stages: (1) 
myoblast determination, (2) migration, and (3) differentiation into muscle. Precursor cells 
or myoblasts arise from somites, which are blocks of mesodermal cells found lateral to the 
neural tube in the embryo (for review see Obinata, 1994). Myoblasts have at least three 
possible routes, contrary to the classic model of a bimodal switch between cell division and 
differentiation. A myoblast in the animal cell may also have the option to become a 
quiescent satellite cell, which is thought to be the inactive stem cell within muscle 
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(Hughes, 1993). Mononucleated myoblasts first arise from somites. A portion of these 
myoblasts migrate to limb or ventral body-wall regions where they cease division and fuse 
with one another to form multinucleated muscle fibers. Two helix-loop-helix DNA-binding 
factors of the Myo D family, myo D and nqf 5, were initially thought to control muscle 
formation; however, mutations in these genes gave rise to mice with surprisingly mild 
muscle defects (Rudnicki et aL, 1992; Braun et al., 1992; Hughes, 1992). However, a 
disruption by a targeted construct mutation of a third member of the Myo D family, 
myogenin, yielded mice having little skeletal muscle (Hasty et aL, 1993; Nabeshima et aL, 
1993). Thus, myogenin seems to be required for efficient muscle formation and it may be 
one of the more important factors controlling muscle formation (Hughes, 1993). 
The formation of the sarcomere requires the assembly of thin and thick filaments of 
appropriate length, and their precise organization into a higher order of structure, the 
myofibril. Many investigations have demonstrated that most of the myofibrillar proteins 
exist in multiple isoforms and that the protein isoforms present in young immature 
muscles, in which myofibrillar assembly takes place, differ from those in adult muscle (for 
review see Obinata, 1994). The multiple isoforms have been distinguished in each 
myofibrillar protein using immunocytochemistry, recombinant DNA technology, 
electrophoretic procedures and protein biochemistry (Fishman, 1986). The expression of 
myofibrillar protein isoforms within the same muscle changes during the process of muscle 
development. For example, the embryonic myosin light chain (called L23) of chicken is 
known to be a constituent of chicken brain myosin along with being common to embryonic 
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smooth, cardiac, and skeletal muscles cells (Takano-Ohmuro, 1985; Kawashima et al., 
1987). 
Embryonic muscle cells derived from mesodermal cells already contain actin before 
temodnal muscle differentiation; however, the amount of actin in the developing muscle is 
much less than in adult muscle tissue. For example, the amount of total actin in embryonic 
day 10 chick skeletal muscle is one-tenth of that in the adult chicken (Shimizu and Obinata, 
1986). The actin isoforms are expressed in higher vertebrates in a tissue-specific manner 
(Vandekerchove and Weber, 1978a, 1978b). In chicken skeletal muscle, the nonmuscle ((3, 
y) and cardiac (a) isoforms decline gradually with differential timing during development, 
and are rq)laced by increased synthesis of the skeletal (a) isoform (Hayward and Schwartz, 
1986; Rubenstein, 1990). 
In very young myogenic cells actin exists as a mixture of an unpolymerized pool of 
monomeric actin (G-actin) and filamentous actin (F-actin), and subsequently as mostiy 
bundled stress-fiber-like structures (Obinata, 1994). As development progresses, the 
muscle cell cytoplasm becomes filled with myofibrillar sarcomeric structures. The 
intracellular ionic conditions, at least 100 mM KCl and 5 mM Mg"^^ in vertebrate muscle 
cells, strongly favor formation of F-actin from G-actin. Because there is a large pool of 
monomeric actin in embryonic muscle cells, there may be factors which bind to the actin 
monomer and prevent polymerization (Obinata, 1994). G-actin binding proteins of low 
molecular weight (e.g. muscle profilin), which are likely to be involved in actin 
sequestration and assembly, were isolated from the cytoplasm of embryonic chick skeletal 
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muscle and their effects on actin polymerization were characterized (Oshima et al., 1989; 
Abe and Obinata, 1989; Abe et al., 1989). 
The protein CapZ may be important in regulating the filament length and attachment of 
actin filaments to the Z-line during myofibrillogenesis (Schafer et al., 1993). However, it 
is not clear how CapZ specifically participates in the regulation of actin assembly (Obinata, 
1994). The skeletal and smooth muscle isoforms of a-actinin coexist in cultured chicken 
skeletal muscle ceUs, with the skeletal muscle isoform appearing only after myoblast fusion 
(Endo and Masald, 1984). During myofibrillogenesis, a-actinin is first detectable 
periodically along actin stress-fibers, but later is located in the Z-line where it presumably 
anchors actin filaments (Jockusch and Jockusch, 1980). The coordinate accumulation of the 
three troponin components begins in post-mitotic myoblasts, before the formation of cross-
striated myofibrils in embryonic chick skeletal muscle primary cultures, and are assembled 
at characteristic positions in the very initial phase of myofibrillogenesis (Obinata et al., 
1979). Interestingly, very early in development, the troponin complex is functionally active 
and regulates the actin-myosin interaction in embryonic muscle in a Ca'''^ -dependent 
manner. Because the formation of actin-myosin interactions may be important in the initial 
stage of myofibrillogenesis (Shimada and Obinata, 1977; Abe and Obinata, 1989), it may 
be possible that the troponin complex helps control the formation of primitive myofibrils in 
a Ca'*"^-dependent manner (Obinata, 1994). 
Purified myosin is known to polymerize spontaneously in vitro in physiological salt 
solution to form filaments (Huxley, 1963). These synthetic myosin filaments exist in 
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dynamic equilibrium with a small pool of unpolymerized monomers, and the exchange 
between myosin filaments and monomers appears to be rapid (Saad et al, 1986), Little is 
yet known about the assembly process of the nascent myosin polypeptides into thick 
filaments in developing vertebrate striated muscle (Obinata, 1994). Thick filament 
assembly also may be modulated by myosin-binding proteins, such as C-protein and H-
protein, and also by the M-line proteins, M-protein, creatine kinase and myomesin 
(Obinata, 1994). Different isoforms of myosin are often spatially segregated within the 
cell, which may be partly due to cotranslational assembly of cytoskeletal proteins (Isaacs 
and Fulton, 1987) and local distribution of specific mRNAs (Lawrence and Singer, 1986; 
Pavlath et al, 1989; Hall and Ralston, 1989). 
The process of Z-line organization is poorly understood, although it is important for 
establishing the spatial arrangement of actin filaments in the myofibril. The main proteins 
involved in this process most likely would be the integral Z-line proteins a-actinin and 
CapZ, and possibly the ends of titin and nebulin embedded in the Z-line. The IF proteins 
constitute an additional important cyotskeletal element in muscle cells. Young myogenic 
cells contain vimentin and desmin as the major IF protein constituents (Card and 
Lazarides, 1980; Tokuyasu, 1984), but with development into mature striated muscle 
desmin becomes the major IF protein (Tokuyasu et al., 1984). In early developing muscle 
cells in culture, desmin/vimentin-containing IFs are oriented longitudinally, but then 
gradually shift their orientation to a perpendicular orientation with the Z-lines of striated 
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myofibrils (Bennet et d., 1978; Gard and Lazarides, 1980; Lazarides et al., 1982; 
Tokuyasu et al., 1984). 
In adult striated muscle cells, desmin is primarily located at the periphery of the Z-line 
(Z-disk) with filamin (Granger and Lazarides, 1980; Lazarides, 1982) and a novel 
intermediate filament protein synemin pecker et cU., 1995). It has been suggested that IFs 
are req)onsible for the lateral alignment and organization of nascent myofibrils by. 
crosslinldng Z-lines of adjacent myofibrils to each other and possibly of myofibrils to the 
sarcolemma (Lazarides, 1982; Tokuyasu et al., 1985; Robson, 1995). 
Intennedlate filaments 
Intermediate filaments (IFs), ubiquitous components of eukaryotic multicellular 
organisms, have been studied extensively for over thirty years, and were classified as 
intermediate (10 nm) filaments nearly thirty years ago, but some evidence for their 
existence has been known for nearly a century (for a review see Fuchs and Weber, 1994). 
The first X-ray diffraction patterns of IFs were obtained from wool fibers (albeit the 
investigators did not know IFs were present), and revealed that keratins, which would later 
become members of the IF protein family, were abundant in a-helical polypeptides that 
formed in a coiled-coil fashion. (Astbury and Street, 1931; Pauling and Corey, 1953; 
Crick, 1953). Electron microscopy made it subsequently possible to recognize the 
widespread occurrence of IFs (Fuchs and Weber, 1994). Intermediate filaments derived 
their name because they were intermediate-sized filaments compared to thin actin filaments 
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and thick myosin filaments (Ishikawa et al., 1968). They also have a diameter between 
actin filaments (7 nm) and microtubules (23 nm), which has led to their name being used in 
this context in nonmuscle cells (Fuchs and Weber, 1994). 
In the 1980's it became clear that IFs are composed of proteins that share common 
structural and sequence features, and that IFs belong in a superfamily of proteins. The IF 
proteins were first classified by cell type, using biochemical, immunological and structural 
similarities, into five categories; acidic and basic keratins, desmin, vimentin, neurofilament 
(NF) proteins, and glial fibrillary acidic protein (GFAP) (Steinert et al, 1976; Lazarides, 
1980; Pruss et al., 1981). It became clearer after the first IF protein cDNAs were 
sequenced (Hanukoglu and Fuchs, 1982, 1983; Marchuk et al., 1985), that the keratins 
also could be divided into two classes of type I (acidic) and type II (basic) keratins. 
Additional sequence studies revealed more sequence homologies and led to vimentin (54 
kDa), desmin (53 kDa), GFAP (50 kDa) and peripherin (56 kDa) being grouped as type III 
IF proteins. These type HI proteins share greater than 70% overall sequence identity 
among themselves, but only 25-30% and 35-40% identities with type I and type II keratins, 
respectively (Geisler and Weber, 1982; Quax-Jeuken et al., 1983; Thompson and Ziff, 
1989). The neurofilament proteins (NF-L, 62 kDa; NF-M, 102 kDa; NF-H, 112 kDa) and 
a-intemexin (56 kDa) have been grouped separately as sequence type IV (Fuchs and 
Weber, 1994). Electron microscopy studies revealed a meshwork of 10 nm diameter 
filaments just underlying the nuclear envelope (Aebi et al., 1986), and sequence analysis of 
these proteins yielded the class of nuclear lamins (McKeon et al., 1986; Fisher et al.. 
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1986) that now constitutes the sequence type V class of IF proteins. A sequence type VI 
class has been proposed to accommodate nestin (Lendahl et al., 1990), and I propose 
herein in Chapter in that tanabin and paranemin (also EAP-300 and IFAPa-400 that may 
be identical to paranemin) also be grouped into the type VI class with nestin. 
Every IF protein has a central conserved domain, that is principally a-helical and forms 
a coiled-coil with a similar polypeptide. This a-helical 'rod' domain provides the buUding 
block of the 10 nm filament (Robson, 1989; Fuchs and Weber, 1994). The rod domain is 
divided up into four blocks of successive helical structures denoted by lA, IB, 2A and 2B, 
with short linker domains, whose sequences suggest they are nonhelical, denoted by LI, 
L12, and L2 (Steinert and Parry, 1985). The sizes and positions of the four helical domains 
of the rod and of the linker regions are well conserved throughout different IF protein 
classes, except for a small number of well-documented exceptions in the lamins, peripherin 
and iilensin. In contrast to the rod domains, the lengths and sequences of the N-terminal 
head domains and the C-terminal tail domains differ considerably (Quinlan et al., 1994), 
All IF proteins share considerable sequence identity at the extreme N-terminus and C-
terminus of the rod domain. A consensus sequence [(I,V) X (T,A,C,I) Y (R,K,H) X (L,M) 
L (D,E)], where X can be any amino acid, has been identified at the C-terminus of the rod 
(Steinert and Roop, 1988; Stewart, 1990; Fliegner et al., 1990; Franke, 1987; Lendahl et 
al., 1990; and Dodemontera/., 1990). 
Purified cytoplasmic IFs can assemble in vitro without binding proteins, which suggests 
the information needed for assembly of all IFs to first form in-register and parallel dimers 
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(Quinlan et al., 1986; Shoeman and Traub, 1993) is present within the a-helical coiled-coil 
rod domain. Next, tetramers form when dimers bind in an anti-parallel and staggered 
fashion (Quinlan, 1994). The following steps remain unclear, but tetramers 
(protofilaments) presumably join at each end to form longer protofilaments (Stromer et al., 
1981; Ip et al., 1985a, 198Sb), and two protofilaments align side by side to form a 
protofibril. Four protofibrils align side by side and, in turn, make up the 10 nm diameter 
filament (Fuchs and Weber, 1994; Heins and Aebi, 1994). 
Keratins are the largest and most complex group of IF proteins with at least 31 keratins 
ranging in size from 40-68 kDa, which are composed of 17 acidic type I keratins (pi = 4-
6) and 14 basic type n keratins (pi = 6-8) found in epithelial cells and hair (Quinlan et al., 
1994). Pairs of type I and type n keratins are expressed differentially in most epithelial 
cells at different stages of development (Fuchs and Green, 1980; Wu et al., 1982). 
Keratins assemble in vitro as obligatory heteropolymers (Steinert et al., 1976) in a 1:1 ratio 
containing one type I and one type n keratin (Hatzfield and Frank, 1985; Hatzfield et al., 
1985). Filaments generated from different keratins have distinct physical properties, 
suggesting the expression of specific heteropolymers in vivo may be important for tissue-
specific structural requirements of tensile strength, flexibility and dynamics (Fuchs and 
Weber, 1994). A K5 (type I)/K14 (type H) heterodimer is the major keratin pair broadly 
expressed in stratified squamous epithelia (Nelson and Sun, 1983), whereas the K8 (type 
Q/ K18 (type II) heterodimer is the major keratin pair produced by nearly all simple 
epithelia (Wu era/., 1982). 
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A new cytoplasmic IF protein found in lens tissue that is most similar to the type I 
keratins, is phakinin (47 kDa), and contains the ~310 amino acid rod domain but no tail 
(Merdes et al., 1993; Klymkowski, 1995). Another new lens-specific, cytoplasmic IF 
protein, filensin (100 kDa), acts like a peripheral membrane protein (Brunkener and 
Georgatos, 1992). Sequence analysis revealed that filensin lacks 29 amino acids in the rod 
domain and, on its own, cannot form IFs in vitro; however, filensin and phaldnin 
copolymerize at a 1:3 ratio to form normal looking IFs in vitro (Gounari et al., 1993). 
Thus, two IF proteins coassemble de novo in cultured cells and form a novel type of 
beaded IF (Goulielmos et al., 1996). Filensin shares the greatest similarities with nestin, 
type in and type IV IFs (Fuchs and Weber, 1994). Filensin and phakinin may be 
candidates for a separate class of IFs, specific for the eye lens (Quinlan et al., 1994). 
Type in IF proteins were the first to be studied by immunofluorescence in tissue 
culture, mostly in fibroblasts or myoblasts (Quinlan et al., 1994). All type HI IF proteins 
can form homopolymeric IFs. They can also heteropolymerize in vitro and in vivo with 
other type m proteins (Steinert et al., 1981; Quinlan and Franke, 1982) or with the 
neurofilament protein NF-L (Monteiro and Cleveland, 1989) into IFs. Type in IF proteins 
cannot, however, coassemble with keratins into IFs (Osbom et al., 1980), These IFs are 
frequently coexpressed, especially at early stages of differentiation; for example, vimentin 
and desmin are coexpressed in embryonic chick skeletal muscle cells (Gard and Lazarides, 
1980). Vimentin is the most widely expressed IF protein and is produced by mesenchymal 
cell types and by a variety of transformed cell lines and tumor cells (Osbom, 1983). In 
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addition, vimentin is expressed in many types of endothelial cells and haematopoetic cells, 
and is the major IF protein in lens cells (Quinlan et al., 1994). 
Desmin is more restricted in its expression and is found in smooth muscle associated 
with both cytoplasmic and membrane-associated dense bodies, and in cardiac and skeletal 
muscle cells primarily around the periphery of the myofibrillar Z-lines and between Z-lines 
of peripheral myofibrils and the sarcolemma (for a review see Stromer, 1995, and 
references therein). Desmin is one of the earliest tissue-specific structural proteins to be 
expressed after muscle differentiation has been triggered (Quinlan et al., 1994). GFAP is 
expressed in glial cells and astrocytes associated with the nervous system. GFAP has also 
been found in interstitial cells of the pituitary and Schwann cells of the peripheral nervous 
system (Quinlan et al., 1994). Peripherin is a more recentiy described type III IF protein 
and got its name because it is expressed by peripheral neurons of the dorsal root ganglia, 
sympathetic ganglia, cranial nerves, and ventral motor neurons (Portier et al., 1983). 
A number of recently identified IF proteins have been reported. Synemin was recently 
discovered to be an IF protein rather than an intermediate filament-associated protein 
(IFAP) because it contains the ~310 amino acid rod domain characteristic of cytoplasmic 
IFs (Becker et al., 1995). Synemin (230 kDa by SDS-PAGE) copurifies with desmin and 
vimentin (Granger and Lazarides, 1980; Sandoval et al., 1983) and colocalizes with 
desmin at the periphery of myofibrillar Z-lines (Granger and Lazarides, 1980; Price and 
Lazarides, 1983). It appears from the consensus IF sequence pattern of synemin that it 
most closely resembles type m IF proteins. Xenopus neuronal intermediate filament 
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(XNIF) is a neuronal IF protein (Chamas et al., 1992). GelfUtin and plasticin are recently 
described neuronal cytoplasmic IF proteins found in the optic nerve of the goldfish 
(Glasgow et al., 1992, 1994a, 1994b). Plasticin has been classified as a type III IF protein, 
but it is still unknown whether XNIF and gelfiltin are members of the neuronal type IV or 
vimentin-like Q^pe HI IF protein groups (Klymkowsky, 1995). 
Neurofilaments and microtubules form the major cytoplasmic structural units of the 
neuronal cell body. Type IV neurofilament proteins are coexpressed and form in axons and 
dendrites (Quinlan et al., 1994). The neurofilaments are composed primarily of three 
proteins, NF-L (light), NF-M (medium), and NF-H (heavy) that have predicted sizes, 
based upon sequence, of 62, 102 and 112 kDa, respectively. They differ significantly in 
the lengths of their glutamic acid and lysine-rich carboxy terminal tails (Geisler et al., 
1982; Lewis and Cowen, 1985; Levy et al., 1987; Myers et al., 1987; Lees et al., 1988; 
Fuchs and Weber, 1994). a-Intemexin (66-70 kDa), is an additional type IV protein also 
expressed in neurons where it seems to play a more prominant role in embryonic 
development than the NF triplet proteins (Pachter and Liem, 1985; Napolitano et al., 
1985). a-Intemexin is able to form homopolymers of 10 nm filaments in vitro (Ching and 
Liem, 1993). The NFs are obligate heteropolymers in vivo (Heins et al., 1993; M.K. Lee 
etal., 1993). 
Type V IF proteins, universally expressed in higher eukaryotes, compose the nuclear 
lamina, which is a fibrous network on the inner surface of the nuclear membrane. This 
structure seems to provide a framework for the nucleus and to help organize chromatin 
t 
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(Fuchs and Weber, 1994). In a few cell types, the lamina appears as an orthogonally 
arranged net of IFs that seem to interconnect nuclear pore complexes (Aebi et al., 1986) 
The type V proteins are the lamins Bi-Bj (63-68 kDa), lamin A (70 kDa) and lamin C (60 
kDa) (Fuchs and Weber, 1994). Early vertebrate embryos possess only lamins B1-B2 
(Vorburger et al., 1989; Peter et al., 1989), while somatic cells synthesize lamins A and 
the truncated mammalian lamin C, in addition to B-type lamins (McKeon et al., 1986; 
Fisher et al., 1986; Peter et al., 1989; Stick, 1992), Expression of A-type lamins often 
occurs at the same time with major changes in tissue differentiation (Rober et al., 1989; 
Lehner et al., 1987). All lamins possess sequences that signal their dispatch to the nucleus 
(Loewinger an McKeon, 1988). Once they get to the nucleus, the assembly of lamin IFs 
seems to be influenced by the chromatin (Glass and Gerace, 1990; Yuan et al., 1991). 
Nestin is an IF protein that does not clearly classify as one of the five IF classes 
previously described. It was proposed that nestin be classified into a new type VI class of 
IF proteins (Lendahl et al., 1990; Dahlstrand et al., 1992; Quinlan et al., 1994). Nestin 
was originally identified by the monoclonal antibody 'Rat.40r (Hockfield and McKay, 
1985), and was shown to be expressed predominantly in central nervous system stem cells 
of the neural tube (Frederiksen and McKay, 1988). Nestin, however, is not limited to 
neursd tissue cells. It is also expressed in myogenic cells during both skeletal (Lendahl et 
al., 1990; Sejersen and Lendahl, 1993; Zimmerman et al., 1994; Sjoberg et al., 1994; 
Kachinsky et al., 1994) and cardiac myogenesis (Kachinsky et al., 1995). The human 
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nestin cDNA sequence predicts a 177 kDa protein with a large nonhelical carboxy tail that 
resembles the type IV NF proteins (Lendahl et al., 1990). 
Tanabin is a protein that was first described as being concentrated in the growth cones 
of Xenopus neurons (Hemmati-Brivanlou et al., 1992). Tanabin contains the conserved IF 
rod domain and shares 45% identic with the rod domain of nestin (Hemmati-Brivanlou et 
al., 1992). This close relationship between tanabin and nestin suggests they both should be 
classified as type VI IF proteins. It is unlikely, however, that tanabin is the Xenopus 
version of nestin, since the long C-terminal tails, although similar in length, are quite 
different based on degree of sequence homology. Tanabin has a predicted molecular weight 
(200 kDa) and isoelectric point (4.05), which are similar to nestin's 177 kDa and 4.24, 
respectively (as I calculated from the human nestin sequence in Dahlstrand et al., 1992, 
and the frog tanabin sequence in Hemmati-Brivanlou et al., 1992). Based upon these 
similarities and a high degree of rod domain sequence homology, tanabin should be 
considered a nestin-like cytoplasmic class VI IF protein. 
Paranemin was first described as a high molecular weight protein (a closely spaced 
doublet at ~280 kDa by SDS-PAGE) in embryonic chick skeletal muscle that copurified 
with vimentin and desmin (Breclder and Lazarides, 1982). Immunofiuorescence 
localization detected paranemin in all developing muscle cells, regardless of their type, 
simultaneously with desmin, vimentin, and synemin (Price and Lazarides, 1983). 
Paranemin, desmin, vimentin, and synemin all have the same spatial distribution in both 
early myotubes, where they are associated with cytoplasmic filaments, and in late 
myotubes, where they are associated with myofibril Z-lines. In adult chicken, paranemin is 
expressed in cardiac muscle at the Z-lines, conducting (Purkinje) fibers, smooth muscle 
cells in the aorta, capillary endothelial cells in skeletal and smooth muscle, Schwann cells 
in peripheral nerves of skeletal muscle, and in a subpopulation of fibroblasts (Breckler and 
Lazarides, 1982; Price and Lazarides, 1983). However, paranemin was reportedly 
removed during differentiation of both fast and slow skeletal muscle and smooth muscle. 
As we show herein in chapters I and n, a small amount of paranemin is present at the Z-
lines and intercalated disks of adult chicken cardiac muscle, at the Z-lines of adult chicken 
skeletal muscle and at the Z-lines of adult porcine cardiac and skeletal muscle. 
I also show herein (Chapter m) that paranemin contains the conserved ~310 amino acid 
IF rod domain, which is 63.3% identical to amino acid sequence in the rod domain of 
tanabin and 45.5% identical to the rod domain of nestin. Thus, I have discovered that 
paranemin is an IF protein rather than an IFAP. Paranemin is similar in size to tanabin and 
nestin, with a predicted molecular mass of 178 kDa, a short amino terminal head domain, 
and a very long C-terminal tail. Paranemin's predicted isoelectric point (4.17) is also very 
similar to those of tanabin and nestin. It is unlikely that paranemin is the chicken 
homologue of nestin, because the long tail domains only share 21.8% identity. I propose in 
Chapter HI that, because of the high degree of rod domain sequence homology and 
biochemical similarities between paranemin, nestin, and tanabin, they should all be 
classified as type VI IF proteins. 
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During the studies described in Chapter m, other interesting sequence homologies were 
discovered by computer searches via the BLASTx program of the BLAST e-mail server 
(Altschul et al., 1990) operated by the National Center for Biotechnology Information. 
Nearly identical sequence homology of parts of my paranemin sequence were found with 
partial sequences of EAP-300 (Kelly et al.^ 1995) and IFAPa-4(X) (Simard et al., 1992). 
Thus, these two proteins are probably identical to paranemin. 
IFAPa-400, avian intermediate filament-associated protein, was first described as a 
high molecular weight protein (>400 kDa by SDS-PAGE) in myogenic and neurogenic 
structures in the chick embryo by using monoclonal antibody 51H2 (Vincent and LaHaie, 
1988). Later, it was rqwrted that IFAPa-400 was expressed in chick embryonic cells 
derived from the neuroectoderm (Chabot and Vincent, 1991), and persistently expressed in 
smooth muscle cells of elastic arteries and in Purkinje fibers (Vincent et aL, 1991). 
EAP-300, embryonic avian polypeptide (300 kDa), was first described by using a 
monoclonal antibody (A2B11) that immunolabeled ganglion cells in the embryonic chick 
neural retina, and bound to a 260 kDa protein (Cole et al., 1986). Later studies showed 
that EAP-300 is a transiendy expressed protein in the developing chick nervous system, 
where it was found associated with barrier structures together with claustrin (320 kDa), an 
extracellular matrix heparin sulfate proteoglycan (McCabe et al., 1992; McCabe and Cole, 
1992; Burg and Cole, 1994). More recentiy, EAP-300 was reported to be developmentally 
regulated in the myocardium and the cardiac neural crest during chick embryogenesis 
(McCabe et al., 1995). Because I have shown by sequence analysis that paranemin, EAP-
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300 and IFAPa-400 are most likely identical proteins, paranemin may fulfill some or all of 
the functions previously ascribed to these two proteins (Chapter HI herein). As a result 
paranemin is a novel IF family protein rather than an IFAP, and may have an important 
role in modulating IF function in developing central and peripheral nervous systems, and in 
developing and mature cardiac and skeletal muscle cells. 
Intermediate filament-associated proteins (IFAFs) 
The designation as an IFAP is given to proteins that possess one or more of the 
following properties: codistribute in cells with IFs, occur at IF anchorage sites, copurify 
with IFs in vitro, and bind to IFs or IF subunit proteins (Foisner and Wiche, 1991). 
Paranemin has been considered to be an intermediate filament-associated protein (IFAP) 
(Steinert and Roop, 1988; Robson, 1989; Foisner and Wiche, 1991) since its discovery 
(Breckler and Lazarides, 1982) and initial localization (Price and Lazarides, 1983). 
However, since it contains the rod domain characteristic of IF proteins, it should no longer 
be considered an IFAP (Chapter m herein). 
Plectin, one of the more studied IFAPs, was initially identified as a prominant 
component of vimentin IF preparations (Wiche, 1989; Foisner and Wiche, 1991). It is 
broadly expressed in different cell types, binds to most, if not all, IF proteins, and 
localizes to the IF cytoskeleton as well as desmosomes and hemidesmosomes (reviewed in 
Fuchs and Weber, 1994). The complete sequence of plectin revealed it is a 466 kDa 
polypeptide chain, with a three domain structure based upon a centrally located a-helical 
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coiled-coil region (Wiche et al., 1991). Expression of plectin mutant cDNA in cultured 
cells indicates a role of the C-temiinal domain in IF association (Wiche et al., 1993). It 
was recently reported that a mitosis-specific phosphorylation involving p34'"'''^  Idnase may 
regulate plectin's crosslinking activities and associations with IFs during the cell cycle 
(Foisner et al., 1996). IFAP 300 is another high molecular weight IFAP that initially was 
characterized as a vimentin crosslinker in preparations of baby hamster kidney cells (Yang 
et al., 1985). This protein was subsequently shown to have several properties in common 
with plectin and, therefore, it was suggested that IFAP 300 and plectin were identical 
(Herman et al., 1987; Wiche, 1989). More recently, however, it has been reported that 
IFAP 300 differs from plectin in several respects, including some differences at the 
primary structure level (Skalli et al., 1994). 
Desmoplakins I (240-285 kDa) and n (210-225 kDa) are two major related proteins 
located in the innermost portion of the desmosomal plaques, where they are thought to help 
attach IFs to the cell membrane (Green et al., 1990). Deletion mutagenic studies on 
desmoplakin suggest that IFs bind to the tail region of the desmoplakin molecules 
(Stappenbeckera/., 1993). 
Filaggrins, produced by cleavage of a precursor profilaggrin molecule, are a family of 
low molecular weight, basic, histidine-rich proteins of mammalian epidermis that have 
been shown to laterally crosslink keratin filaments into macrobundles (Presland et al., 
1992; Markova et al., 1993). Trichohyalin (240 kDa) is another crosslinking IFAP, and is 
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produced and retained in the cells of the hardened inner-root sheath and medulla of the hair 
follicle and granular layer of the epidermis (Fietz et al., 1993; S-C, Lee et aL, 1993). 
It seems likely that most of the IFAPs play roles in establishing and maintaining IF 
networks, and perhaps in governing the dynamic changes that occur in IF networks during 
cell differentiation and growth (Fuchs and Weber, 1994). 
Similarities of intermediate filament proteins to transcription factors 
Intermediate filament proteins possess slight similarities to transcription factors. 
Characteristics of transcription factors include their coiled-coil dimerization motif and a 
flanking DNA binding region (Jones, 1990; Lamb and McKnight, 1991). Two 
transcription factor molecules align, via formation of coiled-coils, because of the parallel-
oriented, a-helical sequence elements, which in turn permits the recognition of symmetric 
DNA sequence motifs. These neighboring DNA-binding regions impart sequence 
specificity for these interactions (Traub and Shoeman, 1994). Some IF proteins have 
regions that resemble those of transcription factors of the bZIP family (Cohen and Curran, 
1990; Kerppola and Curran, 1991) and bHLH family (Garrell and Campuzano, 1991; 
Kadesch, 1992) in that transcription factors all possess a coiled-coil dimerization interface 
which is flanked on the N-terminal side by a DNA binding site that is usually a cluster of 
basic amino acid residues (Traub and Shoeman, 1994). Members of the bZIP family 
include GCN4 (O'Shea et al., 1991; Ellenberger et al., 1992), members of the C/EBP sub­
family (Landschulz et al., 1989; Williams et al., 1991), Fos-Jun (Turner and Tjian, 1989; 
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Pathak and Sigler, 1992) and ATF-CREB (Brindle and Montminy, 1992). Examples of the 
bHLH family include the myogenic factors myo D and myogenin (Tapscott and Weintraub, 
1991; Edmondson and Olsen, 1993), and Myc (Blackwood and Eisenmann, 1991). 
Interestingly, vimentin contains a leucine zipper motif, which is located in the N-
terminal half of the a-helical core domain of vimentin and matches three to four out of five 
leucines of the zipper domains of members of the CREB and Fos-Jun protein groups 
(Traub and Shoeman, 1994). Paranemin's putative leucine zipper-like motif is in its C-
terminal tail, and has a repeat region of about 39 consecutive heptad repeats, the most 
common being LQEEHGD, TQEEHGD, LQVEHGD, and LQVEHED (Chapter III 
herein). However, when leucine is in position a of the heptad, glutamate is usually found 
in position d\ and if leucine is in position d, histidine is usually found in position a, so this 
is not like a "normal" leucine zipper or the heptads usually associated with formation of a-
helical coiled-coil structures. Even though there are not hydrophobic residues in the 
alternate hydrophobic heptad positions, perhaps paranemin may still form some type of 
coiled-coU structure and function like some other leucine zippers. Not all leucine zippers 
contain the '4-3' hydrophobic repeat. For example, leucine zipper repeats in Myc and Fos 
contain charged residues at the alternate site (O'Shea et al, 1989). These leucine zippers 
may have a different conformation, or the hydrophobic contacts may be provided by side 
chain methylene groups, which is thought to be the case in some regions of myosin 
(McLachlan and Kam, 1983; O'Shea et al, 1989). It remains to be experimentally proven 
if the leucine zipper-like motif in paranemin is functional. Although highly speculative. 
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perhaps the IF proteins vimentin and paranemin somehow interact with transcription 
factors in the nucleus and bind DNA for transcription initiation and elongation (Traub and 
Shoeman, 1994; Chapter m herein). 
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PARANEMIN IS A GLYCOPROTEIN LOCALIZED AT Z-UNES OF 
ADULT CARDIAC AND SKELETAL MUSCLE 
A paper to be submitted to Biochemical Biophysical Research Communications 
Philip M. Hemken, Suzanne W. Semett, Marvin H. Stromer, 
Ted W. Huiatt and Richard M. Robson 
Simmiary: Paranemin is a poorly characterized -280 kilodalton protein previously 
identified in embryonic chick skeletal muscle, but not purified [Breclder, J., and Lazarides, 
E. (1982) J, Cell Biol. 92, 795-806], We have purified paranemin from the same tissue 
source. Purified paranemin stained an intense blue with the cationic carbocyanine dye 
*Stains-air, indicating it is a phosphoprotein and/or a glycoprotein. Periodic acid treatment 
of paranemin, followed by biotinylation of oxidized carbohydrate and streptavidin-alkaline 
phosphatase detection, demonstrated that paranemin is a glycoprotein. A monoclonal 
antibody (4D3) to paranemin was produced and labeled at the Z-lines of adult chicken and 
porcine cardiac and skeletal muscle myofibrils. 
Introduction 
Intermediate filaments (EFs) comprise one of the three major cytoskeletal filament 
networks present in most eukaryotic cells (1-3). Although much is known about the cellular 
distnbution and the protein structure of members of the IF protein super-family (1-8), our 
understanding of some of their biological fiinctions is only recently becoming apparent 
(8,9). A significant number of proteins, often present in very small quantities, copurify 
with major IF proteins in vitro and colocalize with the major IF protein(s) composing the 
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IPs of a given cell type (1,2,10). It has been suggested that these IF-associated proteins 
(IFAPs) may play a significant role as regulators or modifiers of IF function and in the 
integration of IFs into the cell cytoskeleton (1,10). 
The protein paranemin was discovered and described by Breckler and Lazarides (11) as 
an ~280 kDa IFAP associated with the desmin and vimentin IFs in avian embryonic 
skeletal muscle. Paranemin was identified in all types of myogenic chick cells, and in 
several adult avian tissues including smooth muscle cells of the aorta, and cardiac, but not 
skeletal, striated muscle cells (12). Because of our overall interest in understanding 
proteins such as synemin (13) and paranemin that might link IFs and myofibrillar Z-line-
type structures (14-16), we have examined specific properties of purified paranemin. We 
show that paranemin is a glycoprotein and is located at the myofibrillar Z-lines of mature 
avian and porcine cardiac and skeletal muscle cells. 
Materials and Methods 
Protein purification. A crude high-speed supernatant of a homogenate of whole 14 day-
old embryonic (E14) chick skeletal muscle was prepared as described (11), and used to 
puriiy paranemin by sequential column chromatography on hydroxyapatite (HA Ultragel, 
Sepracor) and DEAE-cellulose (DE-52, Whatman) columns. Protein ftactions were 
analyzed by SDS-PAGE (5% stacking gel over 8% separating gel) (17). Protein 
concentrations were determined by the method of Bradford (BioRad) (18). Full details of 
the preparation will be presented elsewhere. 
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Western blotting. SDS-polyacrylamide gels were transferred to nitrocellulose using a Mini 
Trans-Blot Electrophoretic Cell (BioRad). After blocking, the blots were probed for 2 hr at 
23°C with a monoclonal antibody (4D3 culture supernatant) specific for paranemin. The 
secondary antibody, goat anti-mouse IgG-horseradish peroxidase (No. A2554, Sigma), 
diluted 1:5,000 in PBS-Tween, was incubated for 30 min and labeling was visualized by 
using a chemiluminescence method as described by the supplier (RPN 2108, Amersham). 
Amino acid analysis. Chromatographically-purified paranemin was subjected to SDS-
PAGE, electrophoretically transferred to polyvinylidene difluoride membranes (Micron 
Separations) (19), and extensively washed with several changes of deionized water for 24 
hr. The 280 kDa paranemin band was excised and hydrolyzed in vacuo in 6 N HCl at 150 
°C for 1, 2, and 3 hr (20). Amino acid composition was determined by an Applied 
Biosystems Amino Acid Analyzer, using a phenylisothiocyanate based system, at the Iowa 
State University Protein Facility. 
Stains-all staining. Purified paranemin and samples of the IF proteins desmin (21) and 
synemin (13) from adult avian smooth muscle were run on SDS-PAGE and stained with 
the cationic carbocyanine dye, Stains-all (Eastman Kodak), to determine if paranemin was 
phosphorylated and/or glycosylated (22-25). The procedure outlined by Cutting (25) was 
followed for staining. The Stains-all stained gel was photographed using Kodak Technical 
Pan 2415 film, both without and with a Nikon R60 red filter. Stains-all was then washed 
out of the same gel with water, restained with Coomassie blue, and photographed again. 
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Carbohydrate detection. SDS-polyacrylamide gels were transferred to nitrocellulose and 
positive detection of carbohydrate moieties by membrane blotting, as outlined by Bayer et 
al. (26), was done as described by the supplier's directions (GlycoTrack, Oxford 
GlycoSystems), in which carbohydrate was oxidized with periodic acid, biotinylated with 
biotin-hydrazide solution, labeled with streptavidin-alkaline phosphatase, and visualized 
with nitroblue tetrazolium/5-bromo, 4-chloro, 3-indoyl phosphate substrate. 
Indirect inununofluorescence microscopy. Myofibrils from adult chicken heart and thigh, 
and pig heart and mixed neck muscles were prepared as described by Goll et al. (27), A 
monoclonal antibody (4D3) was developed against paranemin essentially as described by 
Hemken et al. (28). Myofibrils were labeled with 4D3 (undiluted culture supernatant), 
followed by labeling with goat anti-mouse IgG-FITC (No. F4018, Sigma). Labeled 
myofibrils were examined with a Zeiss Photomicroscope in equipped with epifluorescence 
optics, and photographed with a 40x planapochromat objective using Kodak Technical Pan 
2415 film. 
Results 
A preparation of purified paranemin from E14 chick skeletal muscle is shown in Figure 
1. The homogenate of whole embryonic muscle, which contains a very small amount of 
paranemin (11), is shown in lane 2, The crude high speed supernatant (lane 3), which was 
prepared according to (11) and slightly enriched in paranemin, was used to prepare the 
purified paranemin used herein (lane 4). A Western blot of a duplicate gel of the purified 
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paranetnin, probed with monoclonal antibody 4D3, is shown in Figure 1, lane 5. Only the 
~280 kDa paranemin band is labeled in crude muscle extracts (results not shown). 
Results of the amino acid analysis of purified paranemin, which has not been 
previously reported, are shown in Table 1. The mole percent of He is low compared to that 
present in many proteins (29,30). The mole percents of Glx and Asx are very high, in 
comparison to those of His, Arg, and Lys, and are consistent with the acidic pi of 4.1-4.5 
obtained by two-dimensional electrophoretic analysis of paranemin in crude samples of 
embryonic chick skeletal muscle (11). 
Stains-all staining of purified paranemin, and samples of purified synemin and desmin, 
are shown in Figure 2. The identical gel is shown in all panels. Paranemin stained 
intensely dark-blue, indicating that paranemin is either a phosphoprotein or a glycoprotein 
(22-25), while synemin and desmin stained pink. The identical gel was stained with Stains-
all and photographed without (panel A) and with a red filter (panel B). Because only 
paranemin stained dark-blue, it is seen in panel B; however, synemin and desmin are not 
seen because they stained pink. After the Stains-all photographs were taken, the Stains-all 
was washed out of the gel. It was then stained with Coommassie blue and photographed 
(panel C). The intensity of paranemin's staining with Stains-all (see Fig. 2A and 2B, lane 
1) is especially notable considering the relatively small amount of paranemin on the gel 
(Fig. 2C, lane 1). 
Preliminary studies using wheat germ agglutinin and RCA 120 lectin (Boehringer 
Mannheim) blotting experiments (31) suggested that paranemin may be a glycoprotein 
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(results not shown). Paranemin was identified as a glycoprotein by using a glycoprotein 
detection kit from Oxford GlycoSystems (Figure 3). Purified paranemin in lane A is 
positive for carbohydrate, whereas samples of purified desmin Oane B) and actin (lane C) 
from avian smooth muscle, serve as negative controls. The glycoprotein ovalbumin (lane 
D) serves as a positive control. A duplicate gel, but stained with Coommassie blue, is seen 
in lanes E-H. 
The immunolocalization of paranemin in adult chicken and porcine cardiac and skeletal 
muscle myofibrils is shown in Figure 4. Monoclonal antibody, 4D3, to paranemin 
specifically labels the Z-lines (Z) in both cardiac and skeletal myofibrils. Corresponding 
phase contrast (a, c, e, g) and fluorescent (b, d, f, h) micrographs of avian cardiac (a, b) 
and skeletal (c, d), and porcine cardiac (e, f) and skeletal (g, h) muscle myofibrils are 
shown. Frozen sections of adult chicken and porcine cardiac and skeletal muscle also were 
labeled at the Z-lines with monoclonal antibody 4D3 (results not shown). 
Discussion 
Breckler and Lazarides (11) demonstrated that paranemin copuiified with the IF 
proteins vimentin and desmin, but did not separate paranemin from those two IF proteins 
or other contaminants. We prq>ared a crude high-speed supernatant fi:om a homogenate of 
whole muscle from E14 chick skeletal muscle using their procedure as outlined (11). 
Further chromatography steps were used to prepare purified samples of paranemin herein 
for the production of monoclonal antibodies and characterization studies. We prepared a 
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monoclonal antibody (4D3) to paranemin to verify the identity of paianemin throughout 
purification by Western blotting and to localize paranemin by indirect 
immunofluorescence. 
A striking property of paranemin was its intense staining by Stains-all, which indicated 
that paranemin was either phosphorylated or glycosylated (22-25). Treatment with alkaline 
pho^hatase (No. 4252, Sigma) and lambda protein phosphatase (New England Biolabs), 
however, did not alter the mobility or the intensity of Stains-all staining of the paranemin 
band. Both enzymes have activities toward serine, threonine, and tyrosine residues (32,33) 
and removed phosphate from casein (No. 12840, United States Biochemical) (results not 
shown). We demonstrated, by using a sensitive carbohydrate detection method, that 
paianemin was a glycoprotein. Cloning and sequencing studies done in our laboratory have 
revealed a predicted glycosylation site in paranemin (results not shown). The specific 
carbohydrate bound to paranemin and its function are unknown. 
Price and Lazarides (12) observed localization of paranemin at the Z-lines of adult 
myocardium, but no labeling of paranemin in adult skeletal muscle cells. We observed 
immunolabeling of paranemin, by monoclonal antibody 4D3, at Z-lines in both cardiac and 
skeletal muscle myofibrils from adult avian and porcine animals. The results presented 
here, together with previous results from embryonic and adult cardiac tissue (11,12), 
suggest that paranemin may have important cytoskeletal roles in assembly of myofibrils in 
developing muscle and at the Z-line structures in both mature cardiac and skeletal muscle 
cells. 
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Table I 
Amino Acid Analysis of Paranemin 
Amino Acid Mole Percent Standard Error 
Asx 10.1 0.83 
Glx 25.1 1.00 
Ser 7.1 0.18 
Gly 11.8 0.74 
His 3.5 0.23 
Arg 4.8 0.18 
Thr 3.9 0.08 
Ala 8.3 0.29 
Pro 4.2 0.47 
Tyr 1.2 0.09 
Val 4.3 0.04 
lie 1.4 0.18 
Leu 8.9 1.34 
Phe 1.5 0.33 
Lys 3.9 0.16 
Cys N.D. 
Met N.D. 
Trp N.D. 
Amino acid results are expressed in mole percent with standard 
errors (n=2) determined (34) on two different preparations with 
six measurements from each preparation. N.D. =Not determined. 
Figure 1. Purincation of paranemin from 14 day-old embryonic (E14) chick skeletal 
muscle. Adult chicken cardiac myofibril protein markers (lane 1) indicated in kilodaltons 
are myosin heavy chain (205), a-actinin (100), actin (42), and tropomyosin (33). Lane 2, 
whole muscle homogenate from E14 chick skeletal muscle; lane 3, crude high speed 
supernatant before loading onto gel filtration column; lane 4, purified paranemin from 
DEAE-cellulose column; lane 5, Western blot of purified paranemin using monoclonal 
antibody 4D3. S=stacking gel, P=paranemin. 
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Figure 2. ''Stains-all" staining of paranemin, synemin, and desmin. Purified samples 
of paranemin (lane 1), synemin (lane 2), and desmin (lane 3) are shown in panels A, B, 
and C. Results after staining with Stains-all, and photographed with no filter are shown in 
panel A. Results of same gel as shown in A, but photographed with a Nikon R60 red filter, 
are shown in panel B. Results of the same gel, but after removal of Stains-all and 
subsequent staining with Coomassie blue, are shown in panel C. 280=paranemin, 
230=synemin, 53 =desmin. 
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Figure 3. Carbohydrate detection in purifled paranemin. Positions of biotinylated 
standards in kilodaltons are shown at the left and include: phosphorylase B (97), catalase 
(58), and alcohol dehydrogenase (40). Lanes A-D, carbohydrate detection; lanes E-H, 
corresponding gel to that shown in A-D, but stained with Coomassie blue. Purified 
paranemin (lanes A, E), purified desmin (lanes B, F), purified actin (lanes C, G), and 
purified ovalbumin (lanes D, H) are shown. 
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Figure 4. bnmunofluorescence localization of paranemin in adult chicken and porcine 
cardiac and skeletal muscle myofibrils. Paranemin monoclonal antibody 4D3 specifically 
labels Z-lines (Z) in both cardiac and skeletal muscle myofibrils. Corresponding phase 
contrast (a, c, e, g) and fluorescent (b, d, f, h) micrographs of avian cardiac (a, b) and 
skeletal (c, d), and porcine cardiac (e, f) and skeletal (g, h) muscle myofibrils are shown. 
Bar=10 nm. 
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PURIFICATION OF THE INTERMEDIATE FILAMENT FAMILY PROTEIN, 
PARANEMIN, FROM EMBRYONIC AVIAN SKELETAL MUSCLE 
A paper to be submitted to Biochemical Journal 
Philip M. Hemken, Richard M. Robson and Marvin H. Stromer 
A method has been developed for the preparation of purified paranemin from 
embryonic (chick) skeletal muscle. A crude paranemin-containing fraction, primarily 
containing paranemin and the intermediate filament (IF) proteins desmin and vimentin, was 
pr^ared by a modification of a previously outlined procedure [Breclder and Lazarides 
(1982) J. Cell Biol. 92, 795-806]. Embryonic chick skeletal muscle was homogenized in a 
buffer containing 130 mM KCl, pH 7.5, at 4°C, and the homogenate was centrifuged for 
90 min at 145,000 g. The crude high speed supernatant, which contained filamentous 
components, was used for successive column chromatographic steps, first on gel filtration 
in a solution containing 100 mM NaCl, pH 7,5, and then on hydroxyapatite and DEAE-
cellulose in 6 M urea-containing solutions, pH 7.5, at 4°C. The pooled fractions of 
purified paranemin contained routinely more than 95% 280,000-Dalton protein with no 
detectable contamination by vimentin or desmin. The present study demonstrates that the 
very small amount of paranemin in embryonic skeletal muscle can be isolated in sufficient 
quantity and purity to permit studies on its properties and functions. One- and two-
dimensional Western blots were used to identify paranemin throughout the purification 
procedure. Double-label confocal immunofluorescence showed colocalization of paranemin 
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with desmin at the myofibrillar Z-lines of adult cardiac and skeletal muscle cells and at 
cardiac intercalated disks. 
Introduction 
The term "intermediate-sized" filament was first used by Ishikawa et al. (1968) for 
describing a newly observed system of filaments, approximately 10 (8-12) nm in diameter, 
between myofibrils in myogenic skeletal muscle cells grown in culture. It is now known 
that almost all vertebrate cells contain, in addition to microtubules and microfilaments, this 
less-characterized cytoplasmic filament system (Steinert and Roop, 1988; Robson, 1989; 
Fuchs and Weber, 1994; Klymkowsky, 1995). Tissue specificity was the primary basis 
used to initially classify IFs into five classes (Lazarides, 1980, 1982), but IFs subsequently 
have been classified into as many as six classes or types based on sequence homology 
(Steinert and Roop, 1988; Fuchs and Weber, 1994; Traub and Shoeman, 1994; 
Klymkowski, 1995). Previous studies identified paranemin as an IF-associated protein 
(EFAP) (Breckler and Lazarides, 1982; Price and Lazarides, 1983) because it copurified 
with large amounts of vimentin and desmin in the initial steps of preparation of a crude 
paranemin-containing firaction and colocalized with these two known IF proteins in all 
myogenic cells and adult cardiac muscle cells (Price and Lazarides, 1983). 
Our laboratory has recently shown that paranemin is a glycoprotein (Hemken et al., 
1996a) that possesses the ~310 amino acid rod domain characteristic of all cytoplasmic IFs 
(Hemken et al., 1996b). Thus, paranemin is a member of the IF protein family rather than 
an IFAP. The latter study also rqwrted nearly identical sequence homology of portions of 
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paranemin with the rq)orted partial sequences of EAP-300 (Kelly, et al., 1995) and 
IFAPa-400 (Simard et ah, 1992). Significant sequence homology within the paranemin rod 
domain to the rod domains of the putative class VI IF proteins, frog tanabin (Hemmati-
Brivanlou et al., 1992) and human nestin (Lendahl et al., 1990) also was found (Hemken 
etal., 1996b). 
Many of the properties of paranemin remain unclear. To help answer this question, and 
as part of our contmuing studies on the structural composition and properties of the 
myofibrillar Z-line and Z-line-associated structures (Robson et al., 1970; Robson and 
Zeece, 1973; Dayton et al., 1976; Yamaguchi et al., 1978, 1982, 1985, 1988; Zeece et 
al., 1979; Huiatt et al., 1980; Goll et al., 1991; Chou et al., 1994; Becker et al., 1995), it 
was necessary to develop a method to purify paranemin. Here we describe the purification 
of the developmentally-regulated skeletal muscle protein paranemin from embryonic 
skeletal muscle, verify its identity by one- and two-dimensional SDS/PAGE and 
corresponding Western blot analysis, and show colocalization of paranemin with desmin at 
the Z-lines of isolated adult avian cardiac and skeletal muscle myofibrils and intact frozen 
tissue sections. Paranemin also colocalizes with desmin in LR White cross-sections of 14 
day-old embryonic chick skeletal muscle. 
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Materials and Methods 
Source of muscle tissue and preparation of crude paranemin extract 
The following steps were all done at 0-4 "C in the cold room or on ice with precooled 
solutions prepared with double-deionized distilled water. The adjustment of the buffer pH 
was done at the temperature at which it was to be used. Fourteen day-old chick embryos 
were obtained from the Hy-Vac Corporation, Gowrie, lA. Approximately 100 g (wet 
weight) of thigh and breast muscles were removed from 12 dozen eggs, and homogenized 
in a Waring blender by three 10 s bursts, then in a Teflon homogenizer three times, 5 min 
each, in 200 ml of a homogenization buffer containing 130 mM KCl/5 mM EDTA/20 mM 
Tris-HCl, pH 7.5 (BrecWer and Lazarides, 1982). The resulting homogenate was 
centrifuged for 15 min at 31,000 g. The supernatant was filtered through glass wool and 
then centrifuged for 90 min at 145,000 g. The supernatant (~10 mg/ml) was divided into 
four 50-ml aliquots for gel filtration chromatography. 
Colunm chromatography 
Gel filtration chromatography was done with Biogel A5-m (BioRad) in buffer 
containing 100 mM NaCl/0.1 mM EDTA/20 mM Tris-HCl, pH 7.5 (Breckler and 
Lazarides, 1982) in a 2.6 cm x 110 cm column equilibrated with 3 column vol. of the same 
solution. The column was eluted at a flow rate of 24 ml/h, and 6.5 ml fractions were 
collected in tubes already containing one drop of 50 mM TAME. Constant volumes were 
loaded onto gels from every second flaction and analyzed by SDS/PAGE and Western 
blotting. Paranemin-enriched fractions near the column void volume were collected. 
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dialyzed against 6 M urea/1 mM DTT/0.2 mM PMSF/10 mM Tris-HCl, pH 7.5, and 
subjected to hydroxyapatite chromatography with HA-Ultragel (Sepracor) by procedures 
adapted from Huiatt et al. (1980) and O'Shea et al. (1981) used for desmin and from 
Sandoval et al. (1983) used for avian smooth muscle synemin. 
The hydroxyapatite was suspended in 6 M urea/1 mM DTT/0.2 mM PMSF/10 mM 
Tris-HCl, pH 7.5, packed into a 2.6 cm x 33 cm column, and equilibrated with 3 column 
vol. of the same buffer. The protein sample (130 ml of pooled gel filtration void volume 
fractions 26-30, Fig. 1; 0.47 mg/ml) was applied to the column and eluted at a flow rate of 
24 ml/h, with a linear 0-250 mM potassium phosphate gradient, programmed on a 
Gradifirac System (Pharmacia Biotech.), in the presence of 6 M urea/1 mM DTr/0.2 mM 
PMSF/10 mM Tris-HCl, pH 7.5. Three-ml fractions were collected and one drop of 50 
mM TAME was then added to each tube. Constant volumes of every other fraction were 
loaded onto gels and analyzed by SDS/PAGE and Western blots. 
Ion-exchange chromatography was done with DEAE-cellulose (Whatman, DE-52). The 
column material was suspended in 6 M urea/1 mM DTT/5 mM EDTA/0.2 mM PMSF/20 
mM Tris-HCl, pH 7.5, packed into a 2.6 cm x 20 cm column, and equilibrated with 3 
column vol. of the same solution. The hydroxyapatite-partially-purified paranemin (pooled 
column fractions 64-78, Fig. 2; 45 mis at 0.2 mg/ml), was dialyzed against the 
equilibration buffer and applied to the column. Elution was done at a flow rate of 24 ml/h, 
with a linear 0-2 M NaCl gradient in the presence of 6 M urea/l mM DTT/5 mM 
EDTA/0.2 mM PMSF/20 mM Tris-HCl, pH 7.5. Three-ml fractions were collected, and 
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constant volumes of every other fraction were analyzed by SDS/PAGE and Western blots, 
and pooled as appropriate. The sample of purified paranemin was dialyzed in the 
equilibration buffer and stored at -70°C for at least 4 weeks without detectable 
degradation. 
One- and two-dimensional electrophoresis 
One-dimensional electrophoresis was done with SDS/polyacrylamide slab gels in Mini-
Protean n units (BioRad) at 20 mA per gel in the Tris/glycine buffer system described by 
Laemmli (1970). The concentrations of acrylamide (bisacrylamide/acrylamide, 1:37, w/w) 
were 5% in the stacking gel and 8% in the separating gel. Duplicate gels were run, with 
one stained with Coomassie blue, and the duplicate gel transferred to nitrocellulose, and 
probed for paranemin with mouse monoclonal antibody 4D3 to embryonic 14 d chick 
paranemin (Hemken era/., 1996a, 1996b). 
The first dimension, isoelectric focusing (lEF), was done by using a modification of the 
O'Farrell (1975) technique and a Mini-Protean II 2-D Cell (BioRad) as suggested by the 
manufacturer. The first dimension tube gels (4% acrylamide total monomer, 9,2 M urea/ 
2.0% Triton X-100/0.4% pH 3.5-9.5 ampholytes/1.6% pH 5-7 ampholytes/0.01% 
ammonium persulfate/0.1% TEMED) were poured into capillary tubes (7.5 cm x 1 mm 
diameter) and allowed to polymerize overnight. Samples were prepared by adding an equal 
volume of sample buffer (9.2 M urea/2.0% Triton X-100/0.4% pH 3.5-9.5 
ampholytes/1.6% pH 5-7 ampholytes) and increasing the concentration of urea to 9.2 M by 
addition of urea crystals. The tube gels were prefocused for 15 min at 500 V, with 20 mM 
NaOH in the upper chamber and 10 mM phosphoric acid in the lower chamber. The 
protein samples were applied, followed by 20 nl of overlay buffer (9 M urea/0.2% pH 
3.5-9.5 ampholytes/0.8% pH 5-7 ampholytes/0.01% [w/v] Bromophenol blue), and 
focused for 4 hr at 750 V. The pH of duplicate first dimension tube gels was determined 
every 0.5 mm. The second dimension 8% SDS/PAGE, without a stacking gel, was done 
vwth the acidic end of the tube gel toward the left (see Fig. 5) as described above for one-
dimensional electrophoresis. A duplicate gel run with each sample was transferred to 
nitrocellulose and probed for paranemin with monoclonal antibody 4D3. 
Western blotting 
One- and two-dimensional gels were transferred to nitrocellulose by the following 
procedure. One sheet of blotting paper (BioRad) soaked in transfer buffer (15% methanol/ 
25 mM glycine/192 mM Tris-HCl, pH 8.3) was placed on the cathode side of a tank 
transfer system (Trans-Blot Cell, BioRad), followed by the nitrocellulose membrane, the 
gel, and one more sheet of blotting paper soaked in transfer buffer. Transfers were done at 
60 V for 3 hr, followed by 90 V for 30 min. Immunoblotting was done as follows: the 
nitrocellulose membrane was stained with 0.1% napthol blue black (Amido Black) in 
destaining solution (45% ethanol/10% acetic acid) for 1 min, and destained to reveal the 
transferred polypeptide bands. The membrane was incubated for 30 min in 5% non-fat dry 
milk (blocking solution). Blots were then incubated with culture supernatant containing 
monoclonal antibody 4D3 (anti-paranemin) for 2 hr at 23°C, or overnight at 4°C, and 
washed three times for 3 min each with PBS containing 0.5% Tween 20, pH 7.5 
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(PBS/Tween). The blots were then incubated for 1 hr at 23 °C with horseradish peroxidase-
labeled goat anti-mouse IgG (No. A2554, Sigma) diluted 1:5000 in PBS/Tween, and 
washed three times for 15 min each with PBS/Tween. Antibody binding was visualized by 
chemiluminescence as described by the supplier (ECL, Amersham). 
Adult chicken cardiac and skeletal muscle myoflbril preparation 
All steps were done in a cold room at 4°C using pre-chilled solutions. Chickens were 
sacrificed by cervical dislocation and decapitation. Immediately after exanguination, the 
heart papillary muscle and mixed thigh skeletal muscles were removed, cut into 
approximately 2-4 mm diameter strips and tied to wooden applicator sticks at slightly 
longer than rest length. Strips were soaked overnight at 4°C, with stirring in standard salt 
solution (SSS) consisting of 100 mM KCl/2 mM MgCyimM EGTA/1 mM sodium 
azide/20 mM potassium phosphate, pH 6.9 (Goll et al, 1977). The strips were finely 
minced with a scalpel, weighed, and homogenized in a Warring blender for 20 s in 10 vol 
of SSS, The myofibrils were collected by centrifugation at 1400 g for 10 min. The pellet 
was resuspended in 10 vol of SSS containing 0.5% Triton X-100 (Sigma), hand 
homogenized with 10 strokes of a teflon homogenizer, strained to remove connective 
tissue, and centnfiiged at 1400 g for 10 min. This step was repeated twice with Triton X-
lOO-free SSS. The pellet was resuspended in a minimum volume of SSS. An equal volume 
of glycerol was added, and the suspension was stored at -20°C, 
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Indirect immunofluorescence and confocal microscopy of adult chicken cardiac and 
skeletal muscle myoflbrils and tissue sections 
Monoclonal antibody 4D3 to paranemin was prepared essentially according to the 
procedures described in Hemken et al. (1992). Myofibrils were placed on 18 mm diameter 
#\ coverslips and washed three times with washing buffer (75 mM KCl/2 mM MgCl2/2 
mM EGTA/20 mM imidizole-HCl, pH 7.2) to remove unbound myofibrils. Eight-|im thick 
frozen sections, from intact adult chicken cardiac and skeletal muscle, were prepared using 
an lEC CTF Microtome-Cryostat. One-^im thick LR White sections, from 14 day-old 
embryonic chick skeletal muscle, were prepared using an LKB Ultrotome III. The 
myofibrils and tissue sections were labeled with mouse monoclonal anti-paranemin 4D3 
(undiluted culture supernatant) and rabbit polyclonal anti-skeletal muscle desmin diluted 
1:500 in blocking solution (20% horse serum, 1% polyethylene glycol [MW=20,(X)0, 
Sigma] in washing buffer), incubated at 4°C overnight, and washed three times, 5 min 
each, with washing buffer. Monoclonal antibody 4D3, diluted 1:50 in blocking solution, 
was detected with FTTC-labeled goat anti-mouse IgG (No. F4018, Sigma). The desmin 
rabbit antibodies, diluted 1:50 in blocking solution, were detected with TRTTC-labeled goat 
anti-rabbit IgG (No. T6778, Sigma). Both secondary antibodies were incubated for 1 hr, 
and then washed three times, 15 min each, with washing buffer. The samples were 
mounted in FTTC-Guard (Testog, Inc., Chicago, IL) and examined with a Zeiss 
Photomicroscope m equipped for epifluorescence. Myofibrils were photographed with a 
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40x planapochromat objective and Technical Pan 2415 film. Confocal microscopy was 
done with a Noran Odyssey confocal microscope (Madison, WI), equipped for 
q)ifluorescence and a 63x oil planapochromat objective, at the Iowa State University 
Confocal Micioscope Facility. 
Results 
Chromatographic purification of paranemin 
The main objective of this study was to devise a reproducible method for purifying 
paranemin from embryonic avian skeletal muscle cells. A high molecular weight protein 
(~280 kDa) was detected in the whole muscle homogenate (see Fig. 4A, lane 1) and in the 
crude high speed supernatant (Fig. 1, lane a), together with the intermediate filament 
proteins vimentin and desmin (BrecMer and Lazarides, 1982) with molecular weights of 54 
and 53 kDa, respectively, and many other proteins. A constant volume of fractions from 
each column was loaded onto each lane of the gels shown in order to compare the amount 
of paranemin in each of the respective fractions. Void volume fractions from the gel 
filtration column contained a complex of primarily paranemin, vimentin and desmin (Fig. 
1, lane b). Although paranemin was present throughout the first peak, a much greater 
number and amount of contaminating proteins appear near the apparent molecular weight 
of paranemin (280 kDa) (Fig, 1, lane c) in these fractions, and were not used further. In 
subsequent fractions, only trace amounts of paranemin appear (Fig. 1, lane d) between the 
first and second peak. Fractions in the second peak contained only lower molecular weight 
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proteins (Fig. 1, lane e), and the last peak contained no proteins over a molecular mass of 
~40 kDa that stained with Coomassie blue. It should be noted that rather large volumes of 
starting material could be loaded onto the gel filtration column because only the &-st few 
fractions following the void volume were used for further purification. 
Hydroxyapatite chromatography was very effective in removing small amounts of many 
proteins near the apparent molecular weight of paranemin, and near the molecular weights 
of vimentin and desmin (Fig. 2). Fractions with the greatest amount of paranemin and the 
least amounts of contaminating proteins were in the small peak (Fig. 2, lane c) eluted just 
before the last, and largest peak (Fig. 2, lane d), which contained approximately the same 
amount of paranemin as in Fig. 2, lane c, but also contained much greater amounts of 
vimentin and desmin. DEAE-cellulose column chromatography removed both the 
remaining vimentin and desmin (Fig. 3, lane b) and the trace of actin seen below vimentin 
and desmin in the proteins loaded onto the column (Fig. 3, lane a) before elution of the 
purified paranemin (Fig. 3, lane c). The last large peak eluted from the column contained 
no proteins over ~40 kDa that stained with Coomassie blue. The pooled fractions of 
purified paranemin are shown in Fig. 3 (lane e). 
Western blot and one- and two-dimensional gel analysis of paranemin 
As shown by SDS/PAGE (Fig. 4, left panel) and Western blotting (Fig. 4, right panel), 
monoclonal antibody 4D3 specifically labeled paranemin throughout the entire purification 
procedure, from the total embryonic muscle homogenate (lane a) to the final DEAE-
cellulose-purified paranemin (lane e). Two-dimensional gel electrophoretic analysis is 
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presented in Fig. S, and showed that the gel filtration pool contained paranemin, and 
considerable amounts of vimentin and desmin (Fig. 5 a), with vimentin, pi range of 5.3 to 
5.5, present in greater amounts than desmin, pi range of 5.5 to 5.6. In the hydroxyapatite 
pool, vimentin and desmin are present in smaller but similar amounts (Fig. 5 c) in 
comparison to the paranemin (Fig. 5 c, d) At least four isovariants were detected in the 
pooled purified paranemin (Fig. 5 e, f), with a pi range of ~4.1 to 4.5. The pi values 
obtained for the 280 kDa paranemin (Fig. 5 b, d, f, between the vertical arrows) is nearly 
identical to that reported for gel filtration-purified paranemin by Breckler and Lazarides 
(1982) and Price and Lazarides (1983). The focusing range of paranemin remained 
between the pi values of ~4.1-4.5 throughout the purification procedure. 
Immunolocalization of paranemin in mature avian cardiac and skeletal muscle 
myofibrils and muscle tissue sections 
Paranemin is localized by conventional fluorescence microscopy at the Z-lines in both 
cardiac (Fig. 6 a, b) and skeletal (Fig. 6 c, d) muscle myofibrils. Double-label confocal 
immunofluorescence of adult chicken myofibrils with monoclonal antibody 4D3 and 
polyclonal antibodies against desmin shows that paranemin colocalizes with desmin at the 
Z-lines of both cardiac and skeletal muscle myofibrils (Fig. 7). Labeling of paranemin 
(Fig. 7 a, c) and desmin (Fig. 7 b, d) is shown in three consecutive 1 nm thick optical 
sections through the myofibrils. In skeletal muscle myofibrils, paranemin appears to label 
more continuously along the Z-lines (Fig. 7, c) than does desmin, which shows more of a 
punctate pattern of labeling along the Z-lines (Fig. 7, d). Confocal double-labeling of 
tissue sections shows that paranemin colocalizes with desmin at the adult cardiac muscle 
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intercalated disk (Fig. 8 a, b; small arrows) and at Z-lines in both adult cardiac (Fig. 8 a, 
b) and skeletal (Fig. 8 c, d) muscle. In embryonic 14 d chick skeletal muscle (Fig. 8 e, 0> 
paranemin colocalizes with desmin in a peripheral layer of myofibrils that have assembled 
in these early myotubes. 
Discussion 
We report here the purification of paranemin, its one- and two-dimensional 
electrophoretic mobility, and its colocalization with desmin at the intercalated disks of 
mature cardiac muscle and the Z-lines of mature cardiac and skeletal muscle cells. 
Paranemin is much less abundant in muscle tissue than desmin. The yield of paranemin, 
using the procedures outlined herein, typically was approximately 2 mg of purified protein 
from 1(X) g of wet embryonic skeletal muscle tissue, compared to 6 mg of purified desmin 
obtained from 100 g of ground porcine skeletal muscle (O'Shea et ah, 1981), where 
desmin comprises approximately 0.35% of 'washed' myofibrils, and compared to 150 to 
200 mg of purified desmin obtained from ground turkey gizzard (Huiatt et ah, 1980), 
where desmin comprises approximately 8% of 'washed' avian smooth muscle myofibrils. 
Paranemin is highly sensitive to proteolysis and, thus, the proteolysis of paranemin had to 
be inhibited by including PMSF, EDTA and TAME in the buffers and fractions. 
We purified paranemin from the same tissue, 14 day-old embryonic chick skeletal 
muscle, studied by Breclder and Lazarides (1982) and Price and Lazarides (1983), because 
we wanted to be certain that we were purifying the same protein, paranemin. Many 
proteins in embryonic skeletal muscle, most from low abundance, migrate with mobilities 
near that of paranemin. The procedures we have developed to purify paranemin from 
embryonic skeletal muscle can now be adapted to further study paranemin in other muscle 
sources. 
Previous work reported that the isoelectric point of paranemin in crude muscle extracts 
was in the range of 4.0 to 4.5 (Breckler and Lazarides, 1982), and we found a similar 
range for paranemin of 4.1 to 4.5. Both ranges agree well with the calculated pi of 4.17 
from the full-length cDNA sequence (Hemken et ah, 1996b). Paranemin did focus within 
the same range throughout its purification, indicating that the purification procedure did 
not create any significant charge modifications. Gel filtration-purified and hydroxyapatite-
purifiied paranemin did not focus nicely into discrete variants as did desmin (Huiatt et al., 
1980; O'Shea et al., 1981). This may reflect, in part, its much larger size and the inherent 
difficulty in focusing, or perhaps that it is glycosylated (Hemken et ah, 1996a). 
Results from our lab have indicated that the partial sequences reported for EAP-300 
(Kelly et ah, 1995) and IFAPa-400 (Simard et ah, 1992) have nearly identical nucleotide 
sequence homology to regions in the sequence of paranemin; therefore, we have suggested 
that these proteins are identical to paranemin (Hemken et ah, 1996b). A recent report 
(Kelly et al., 1995) has also shown that EAP-300 and IFAPa-400 are highly homologous if 
not identical. 
Localization of paranemin in our experiments is in general agreement with that reported 
with adult cardiac muscle by Breckler and Lazarides (1982) and Price and Lazarides 
(1983), except we also found paranemin, albeit a somewhat smaller amount, at the Z-lines 
of adult skeletal muscle cells. It has also been reported that EAP-300 (McCabe et al., 
1995) and IFAPa-4(X) (Vincent et al., 1991) are present in developing chick nervous 
tissue, skeletal and cardiac muscle, and Purldnje fibers of the adult chicken heart (Vincent 
and LaHaie, 1988; Chabot and Vincent, 1990; Cossette and Vincent, 1991; McCabe et al., 
1992; McCabe and Cole, 1992). No purification procedure has been reported for IFAPa-
4(X), and an immunopurification procedure for EAP-300 using monoclonal antibody A2B11 
resulted in only partially purified protein (McCabe et al., 1992). That procedure appeared 
to yield a smaller amount of EAP-300, with several remaining contaminating proteins. In 
comparison, the paranemin purification scheme described herein results in highly purified 
protein and a greater yield. 
Littie is yet known about how vimentin and desmin IPs become anchored at the Z-lines 
in developing muscle cells, or how desmin IPs are attached to the periphery of myofibrillar 
Z-lines in mature striated muscle cells. The more continuous, nonpunctate, labeling along 
the Z-lines shown herein with a paranemin monoclonal antibody, in comparison to that 
obtained with desmin, may give clues for a role of paranemin in muscle cells at the Z-
lines. The well defined IF rod domain of paranemin (Hemken et al., 1996b) may allow 
paranemin to be incorporated into vimentin and/or desmin (via interactions with their rod 
domains) IF systems located around the myofibril. An attractive hypothesis is that the long 
tail of paranemin, which contains the epitope region for monoclonal antibody 4D3 
(Hemken et al., 1996b), bridges the IF/Z-line gap and interacts with integral Z-line 
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proteins to functionally link the IFs to the myofibrillar Z-lines. The ability to prepare 
highly homogeneous paranemin will permit further investigations of these and other 
intriguing problems in order to determine paranemin's cellular role(s). 
Abbreviations used: IF, intermediate filament; IFAP, intermediate filament-associated 
protein; TAME, tosyl-L-arginine methyl ester; DTT, dithiothreitol; lEF, isoelectric 
focusing; TEMED, iV.iV.iV'.iV'-tetramethylethylenediamine; SSS, standard salt solution; 
TRITC, tetramethylrhodamine isothiocyanate; FITC, fluorescein isothiocyanate 
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Figure 1 Elution proflle of crude paranemin from a gel filtration (GF) column and 
SDS/PAGE analysis 
Letters on the column profile correspond to gel lanes in the inset. (Lane a) The crude high 
speed supernatant of an embryonic 14 d chick skeletal muscle homogenate loaded on the 
column; (lane b) void volume fraction 28 containing primarily paranemin (large arrow­
head), and the closely spaced IF proteins vimentin/desmin (small arrow-head); (lanes c-f) 
remaining profile fractions not used for further purification. 
24 34  44  54  64  74  84  94  104 114 
F r a c t i o n  n u m b e r  
Figure 2 Elution proflle of gel filtration-purifled paranemin from a hydroxyapatite 
(HA) column and SDS/PAGE analysis 
Letters on the column profile correspond to gel lanes in the inset. (Lane a) pooled GF 
fractions 26-30 (Figure 1) were loaded; (lane b) fraction 10; (lanes c, d) fractions 74 and 
82, respectively, containing paranemin (large arrow-head), and IF proteins 
vimentin/desmin (small arrow-head). 
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figure 3 Elution profile of hydroxyapatite-puiified paranemin from a DEAE-cellulose 
column and SDS/PAGE analysis 
Letters on the column profile correspond to gel lanes in the inset. (Lane a) pooled HA 
fractions 64-78 (Figure 2) were loaded; (lane b) fraction 32 containing IF proteins 
vimentin and desmin (small arrow-head); (lane c) fraction 36 containing purified 
paranemin (large arrow-head); (lane d) fraction 42 from last peak eluted; (lane e) pooled 
fractions 36-40 = purified paranemin. 
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Figure 4 Western blot analysis of fractions obtained during purification of paranemin 
Monoclonal antibody 4D3 was used to identify paranemin by Western blot analysis 
throughout purification. Molecular mass markers (adult chicken cardiac myofibrillar 
proteins in kDa): myosin heavy chain (205), a-actinin (100), actin (42), and tropomyosin 
(34), are indicated on the left. Paranemin (P) is indicated by the arrow on the right. 
Paranemin purification SDS/PAGE survey stained with Coomassie blue is shown in the left 
panel and a duplicate gel for Western blot analysis is shown in the right panel, (lane a) 
Total embryonic muscle homogenate; (lane b) high speed supernatant; (lane c) OF pool; 
(lane d) HA pool; (lane e) DEAE-cellulose-purified paranemin. 
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figure 5 Two-dimensional gel electrophoresis and corresponding Western blot analysis 
of fractions obtained during purification of paranemin 
Isoelectric focusing was done from right (basic) to left (acidic) as indicated by the arrow at 
the top, and SDS/PAGE was done from top to bottom as indicated by the arrow on the 
right. (Panels a, c, e) two-dimensional electrophoresis gels and (panels b, d, f) Western 
blot analysis of respective duplicate gels; (a, b) pooled fraction of GF-purified paranemin; 
(c, d) pooled fraction of HA-purifled paranemin; (e, £) pooled fractions of DEAE-purified 
paranemin (= purified paranemin) (P), with purified samples of synemin (S) and desmin 
(D) added. The pair of vertical arrows in panels b, d, and f mark the approximate ends of 
the paranemin band. V=vimentin. 
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Figure 6 Lmnunolocalization of paranemin in adult chicken cardiac and skeletal 
muscle myofibrils with monoclonal antibody 4D3 
Corresponding phase contrast and fluorescence micrographs of cardiac (a, b) and skeletal 
(c, d) muscle myofibrils; arrows indicate the Z-lines (Z); Bar = 10 (im. 

Figure 7 Confocal double label inununolocalization of paranemin and desmin in adult 
chicken muscle myofibrils 
Cardiac (a, b) and skeletal (c, d) myofibrils were labeled with paranemin specific 
monoclonal antibody 4D3 (a, c) and rabbit anti-desmin polyclonal antibodies (b, d). Three 
consecutive 1 |am optical sections, from top to bottom, taken fi-om the middle of the 
myofibrils are shown for both cardiac and skeletal myofibrils; arrows indicate the Z-lines. 
Bar = 10 |am. 

Figure 8 Confocal double label immunolocalization of paranemin and desmin in 
sections of avian cardiac and skeletal muscle 
Frozen sections (8 |im thick) of adult chicken cardiac (a, b) and skeletal (c, d) muscle, and 
LR White-embedded cross-section (1 |am thick) of embryonic 14 d chick skeletal (e, f) 
muscle were labeled with paranemin specific monoclonal antibody 4D3 (a, c, e) and rabbit 
anti-desmin polyclonal antibodies (b, d, f). Small arrows in a and b point out an 
intercalated disc; large arrows in a - d indicate the end of a transverse Z-line; large arrows 
in e and f indicate myofibrils observed in cross-section at the periphery of a developing 
myotube. Bar = 10 um for a - f. 
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MOLECULAR CLONING AND NUCLEOTIDE SEQUENCE OF PARANEMIN, A 
NOVEL TYPE VI INTERMEDIATE FILAMENT PROTEIN 
SEQUENCE REVEALS EAP-300 AND IFAPa-400 ARE HIGHLY HOMOLOGOUS, 
IF NOT IDENTICAL, TO PARANEMIN 
A paper to be submitted to The Journal of Biological Chemistry 
Philip M. Hemken, Bruno Becker, Robert M. Bellin, Ted W. Huiatt, 
and Richard M. Robson 
In this study we rqwrt the full-length nucleotide and deduced amino acid sequence of 
paranemin, a novel intermediate filament (IF) family protein, which may be classified as a 
type VI IF protein. We determined the cDNA sequence of paranemin by immunoscreening 
a X,gt22 cDNA library from embryonic chick skeletal muscle with a monoclonal antibody 
specific for paranemin (4D3) and by hybridization screening. Northern blot analysis 
reveals a single transcript of 5.3 kb, which is much smaller than predicted from the size of 
paranemin (280 kDa) by SDS-PAGE. Monoclonal antibodies, 4D3 and 4C7, were used to 
verify the identity of the paranemin cDNA sequence by immunoblotting proteins expressed 
by a paranemin phage clone. We also confirmed the identity of the paranemin sequence by 
amino acid sequencing, by Western blotting of a p-galactosidase-paranemin fusion protein 
and by comparison of the predicted and measured amino acid composition. Paranemin 
contains the conserved IF rod domain (308 amino acids), which is 63.3% identical to the 
rod domain of tanabin and 45.5% identical to the rod domain of nestin. The partial cDNA 
sequences of two proteins, namely EAP-3(X) and IFAPa-400, which, in turn, overlap each 
other by 402 nucleotides, are almost identical to a region of cDNA sequence of paranemin. 
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Introduction 
Intermediate filaments (IFs), together with microfilaments and microtubules, comprise 
the three major cytoskeletal networks in nearly all differentiated eukaryotic cells (Steinert 
and Roop, 1988; Robson, 1989; Fuchs and Weber, 1994; and Klymkowsky, 1995). The 
precise biological roles of most intermediate filaments (IFs) have yet to be elucidated 
(Fuchs and Weber, 1994; Traub and Shoeman, 1994; Klymkowsky, 1995), even though 
much is known about their cellular distribution, structure, and assembly (for reviews, see 
Stewart, 1990; Parry and Steinert, 1992; Shoeman and Traub, 1993; Fuchs and Weber, 
1994). The IFs may be grouped into six distinct types or classes based upon their sequence 
(Fuchs and Weber, 1994; Traub and Shoeman, 1994). 
Intermediate filaments in mature striated muscle are arranged in a collar-like 
arrangement around the myofibrillar Z-lines, where they appear to connect adjacent 
myofibrils together, and possibly help link the peripheral layer of myofibrils to costameric 
sites along the muscle cell membrane (Yagyu et ah, 1990; Price, 1991; Klymkowsky, 
1995). 
We have detected small amounts of paranemin in adult chicken and pig skeletal muscle 
at the myofibrillar Z-disks (Hemken et al, 1996a, 1996b), where it previously had not 
been detected (Price and Lazarides, 1983). Paranemin, -280 kDa by SDS-PAGE, was first 
identified in embryonic chick skeletal muscle (Breckler and Lazarides, 1982). Its 
immunolocalization indicates a developmentally regulated expression in myogenic chick 
cells, and a more restricted expression in adult chicken muscle cells (Breckler and 
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Lazarides, 1982; Price and Lazarides, 1983). Paianemin has been considered to be an 
intermediate filament-associated protein (IFAP) (Steinert and Roop, 1988; Foisner and 
Wiche, 1991) because it copurifies with the type EI IF proteins vimentin and desmin 
(Breckler and Lazarides, 1982; Hemken et al., 1994, 1996a, 1996b) and colocalizes with 
desmin at the periphery of myofibiillar Z-lines (Price and Lazarides, 1983; Hemken et al., 
1994, 1996a, 1996b). Thus, paranemin may be an important regulator of vimentin and 
desmin function. As shown herein, paranemin contains the -310 amino acid rod domain 
characteristic of IF proteins. Therefore, paranemin should be considered a member of the 
IF protein family rather than an IFAP. By sequence comparisons with other IF proteins, 
we also have found that paranemin shares high homologies to tanabin and nestin. 
In this report we show that parts of the sequence of paranemin are almost identical to 
the known partial cDNA sequences of two other proteins, EAP-300 and IFAPa-400. EAP-
300 was first described by a monoclonal antibody (A2B11) that immunolabeled ganglion 
cells in the embryonic chick neural retina and bound to a Mr=260,000 protein (Cole et al., 
1986). Later studies showed that EAP-300 is a transiently expressed protein in the 
developing chick nervous system, where it is found in barrier structures together with 
claustrin (Mr=320,(X)0), an extracellular matrix heparin sulfate proteoglycan (McCabe et 
ol., 1992; McCabe and Cole, 1992; Burg and Cole, 1994). These barriers, which are 
considered inhibitory for neuron migration or axon growth, include the glial roof plate or 
dorsal septum of the j^inal chord, the glial knot of the diencephalon, the marginal layer of 
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the embryonic day 2 spinal chord, and the midline of the mesencephalon (McCabe and 
Cole, 1992; McCabe era/., 1992). 
IFAPa-400 was first observed using a monoclonal antibody (F51H2) and described as a 
high molecular weight (M,> 400,000) cytostructural protein in myogenic and neural tube 
derived structures of the chick embryo (Vincent and LaHaie, 1988). IFAPa-400 was 
reported to be transiently expressed in chick embryonic cells derived from the 
neuroectoderm (Chabot and Vincent, 1990), expressed during the replacement of vimentin 
by desmin in muscle cell differentiation (Cossette and Vincent, 1991), and persistently 
expressed in the smooth muscle cells of elastic arteries and in cardiac Purkinje fibers 
(Vincent et ah, 1991). 
Experimental Procedures 
Preparation of Monoclonal Antibodies—Monoclonal antibodies were prepared 
following procedures described in Hemken et al. (1992). Fusions with SP2/0-Agl4 (ATCC 
CRL 1581) myeloma cells were performed using a modification of published protocols 
(McKeam et al, 1979). Paranemin was purified from embryonic day-14 chick skeletal 
muscle according to Hemken et al. (1996b). 
Characterization of Monoclonal Antibodies by ELISA—ELISAs were performed 
according to Hemken et al. (1992). Purified paranemin (0.5 |ig in 100 i^l) was used as the 
antigen and coated onto 96-well, fiat-bottom non-tissue culture treated microtitration plates 
(ICN Linbro, ICN Biomedicals Inc.). PBS-Tween (0.5% Tween-20 in 150 mM NaCl, 20 
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mM sodium phosphate, pH 7.4) was used to wash the plates three times. Undiluted culture 
supernatant from individual hybridoma wells was added and incubated at 37°C for 2 h. 
Plates were washed three times with PBS-Tween, then incubated with alkaline phosphatase-
labeled she^ anti-mouse IgG (Sigma A3563) for 30 min at 37°C. PBS-Tween was used to 
wash the plates nine times, with 2 min incubations between each wash, at 23°C. The 
substrate /;-nitrophenyl phosphate (Sigma 104-0) was added and color was allowed to 
develop in the dark for 30 min at 23°C. The dye released was quantified by measuring the 
absorbance at 405 nm relative to control wells incubated with undiluted SP2/0 culture 
supernatant in a Bio-Kinetic Reader (Bio-Tek Instruments). 
Preparation of Polyclonal Antibodies—New Zealand white specific-pathogen free-
rabbits were injected several times, subcutaneously over the back and intramuscularly in 
the thigh, with purified paranemin prepared in the following manner. Paranemin bands 
from SDS-PAGE gels, each containing 1 mg of protein, were minced and homogenized in 
1 ml aliquots of PBS and emulsified with equal volumes of adjuvant. Titers were 
determined using Western blotting (see later). 
Amno Acid Sequencing—Purified samples of paranemin from embryonic day-14 chick 
skeletal muscle were electrophoresed by SDS-PAGE, transferred to PVDF membrane 
(Micron Separations, Inc.) and stained with 0.1% Coomassie blue R in 50% methanol for 
5 min, and then destained in 50% methanol, 10% acetic acid for 5-10 min (Matsudaira, 
1987). Paranemin bands were excised and washed extensively with HPLC grade water. 
Deblocking was necessary to obtain sequence, so trifiuoroacetic acid was used to deblock 
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the protein (Wellner et al., 1990). For N-terminal sequence analysis, the sample was then 
loaded on a 477A Protein Sequencer/120A Analyzer (Applied Biosystems Inc., Division of 
Perkin Elmer) at the Iowa State University Protein Facility. 
SDS-Polyactylamde Gels and Western blotting—SDS-PAGE and Western blotting 
were performed essentially as described previously (Hemken et al., 1992, 1996b), with the 
following modifications. Purified paranemin and synemin (Becker et al., 1995), and 
paranemin partially digested with m-calpain (concentration of 0.9 U/mg for 10 min; m-
calpain was kindly provided by Dr. Elisabeth Lonergan, Auburn University) in a buffer 
containing 10 mM Tris-HCl (pH 7.4), 2 M urea, 5 mM CaCl2 and 10 mM P-
mercaptoethanol, were run on SDS-polyacrylamide gels (5% stacking over 8% separating) 
and transferred to nitrocellulose using a Mini Trans-Blot Electrophoretic Cell (Bio-Rad). 
Transfer was performed at 90 V for 2 hr in transfer buffer (15% methanol, 192 mM Tris, 
25 mM glycine, pH 8.3) (Towbin et al., 1979; Bumette 1981). After blocking in 1% 
ovalbumin, 0.5% Tween 20, 5 mM sodium azide in PBS for 30 min (blocking solution), 
blots were probed with monoclonal antibodies (4D3, 4C7, or 3B12 culture supernatant) or 
polyclonal antibodies to paranemin. Secondary antibodies, diluted in blocking solution 
according to the manufacturer's recommendations, included alkaline phosphatase-labeled 
sheq) anti-mouse IgG (No. A3563, Sigma) and goat anti-rabbit IgG (No. A-9919, Sigma), 
and horseradish peroxidase-labeled goat anti-mouse IgG (No. A2554, Sigma). Antibody 
labeling in Fig. 1 was visualized by using the substrate nitro blue tetrazolium/5-bromo-4-
I l l  
chloro-3-indolyl phosphate, and labeling in Fig. 3 was visualized by chemiluminescence 
(ECL, Amersham). 
BNA isolation and construction of cDNA Library—RNA was isolated from 14 
day-old embryonic chick skeletal muscle cells by extraction with guanidinium thiocyanate 
at low temperature (Han et al., 1987). Poly(A)^ RNA was purified by chromatography on 
an oligo-dT cellulose column (No. 20009, type 3, Collaborative Biomedical Products) 
(Aviv and Leder, 1972). Ten jig of poly(A)'^  RNA was used to construct an oligo dT-
primed directional cDNA expression library in lambda gt22A using the Lambda 
superscript system as described by the supplier (No. 18256, GIBCO BRL). The library 
contained 2.6x10^ independent plaque-forming units. 
Isolation of cDNA Clones for Avian Paranemin—The lambda gt22 cDNA library was 
initially immunoscreened, using monoclonal antibody 4D3 to paranemin, following the 
methods described in the ProtoBlot detection system (Promega Corp.). One hundred thirty 
two positive plaques were identified and, of these, 20 were purified to homogeneity. For 
sequencing, the two clones having the largest inserts, 9 (3.2 kb) and 40 (2.7 kb), were 
subcloned into pBluescript 11 SK (+) vector (Stratagene) according to standard protocols 
(Sambrook et al., 1989). The cDNA library was rescreened by hybridization using a 205 
bp BstX I restriction enzyme-generated cDNA probe from the 5' end of clone 9 and a 2.2 
kb cDNA probe generated by 5'RACE (described later). Reverse-transcription of a 
Poly(A)'*' RNA sample was performed with the use of a gene-specific primer spanning 
paranemin cDNA positions 2148 to 2165. The PCR amplification of the target cDNA was 
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performed using a paranemin specific primer spanning cDNA positions 2130 to 2147 and 
the anchor primer. Both cDNA probes were used for hybridization screening of the Xgt22 
library according to the methods described in the Digoxigenin DNA Labeling and 
Detection Kit (No. 1093-657, Boehringer Mannheim). A total of 200 positive plaques were 
chosen, 100 from each probe. PGR was used to screen lambda phage mixes of all 200 
positive plaques for sequence overlapping clone 9 using a gene-specific primer spanning 
paranemin cDNA positions 2130 to 2147 and the Xgtll Upstream Amplimer Primer (No. 
5412-1, Clontech). Twenty clones that contained a 2.2 kb product by PGR screening were 
purified to homogeneity. Glones 3, 24, 89 and 169 were subcloned into pBluescript II SK 
("f") vector for sequencing. 
Northern Blot Analysis—Northern blots were performed as described by Wiche et al. 
(1991), with the following modifications. Poly(A)'*' RNA samples from 14 day-old 
embryonic chick skeletal muscle cells were denatured by healing to 95°G for 2 min in a 
loading buffer containing 50% formamide (deionized), and 2.3 M formaldehyde (Davis et 
al., 1986), with subsequent cooling on ice. RNA and synthetic RNA markers, treated in 
parallel, (No. 15620-016, GIBGO BRL) were separated on a vertical 1% agarose gel in 2.2 
M formaldehyde (deionized), 5 mM sodium acetate, 1 mM EDTA, and 10 mM sodium 
phosphate, pH 7. The transfer of large RNA species was facilitated by soaking the gel in 
alkali to partially hydrolyze the RNA (Sambrook et al., 1989). The gel was neutralized in 
0.1 M Tris-HCl, pH 7.5, and the RNA was transferred to nitrocellulose by capillary 
blotting in 20x SSG. The filter was prehybridized for 2 hr at 42°G in 50% formamide 
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(deionized), 5x SSC, lOx Denhardt's solution (0.2% FicoU 400, 0.2% 
polyvinylpyrrolidone, 0.2% BSA), 0.1% SDS, 30 mM sodium phosphate, pH 7, 0.1% 
sodium pyrophosphate, and 100 ng/ml heat-denatured salmon sperm DNA. For 
hybridization, the cDNA probes were radiolabeled with [a-^^P]dCTP to specific activity of 
~2 X 10* cpm/|ig (Feinburg and Vogelstein, 1983) and diluted with fresh prehybridization 
solution to a specific activity between 1 x 10® and 1 x 10^ cpm/ml. The hybridization was 
performed overnight at 42°C, and unbound probe was removed by washing the filter at a 
final stringency of 0.2x SSC and 0.1% SDS at 50°C for 30 min. 
Expression of cDNA-encoded Proteins and Western Blotting—Purified and nonpurified 
phages of clone 9 were tested with monoclonal antibodies 4C7 and 3B12, and witii rabbit 
polyclonal antiserum to paranemin. Bacterial lawns were infected with approximately 500 
plaque forming units for each 150 mm plate. Incubations and visualization of antibody 
binding were done identically to immunoscreening of the library with mAb 4D3. To 
prepare a P-galactosidase and paranemin fusion protein for subsequent SDS-PAGE analysis 
and Western blotting, crude lysates from recombinant lysogens in Escherichia coli Y1089 
were prepared as described (Huynh et al., 1985). 
DNA Sequencing and Computer Analysis—Nucleotide sequencing was conducted at the 
Iowa State University DNA Sequencing and Synthesis Facility using automated sequencers 
(373A and 377 DNA Sequencers, Applied Biosystems Inc., Divsion of Perkin Elmer). 
Both strands of overlapping clones 9 and 89 were sequenced at least one time. Sequence at 
both 5' and 3' ends and at least three internal regions were also obtained for clones 3, 24, 
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40, and 169. Clones spanned the following paranemin cDNA positions: 3 (-24 to 2853), 24 
(-14 to 5261), 89 (-14 to 2164), 169 (-9 to 2574), 9 (2035 to 5255) and 40 (2575 to 5255). 
Analysis of the predicted nucleotide and predicted amino acid sequences was done using 
the GCG software package (Program Manual for the Wisconsin Package, Version 8, 
Sq)tember, 1994, Genetics Computer Group, 575 Science Drive, Madison, Wisconsin, 
USA 53711) (Devereux et al., 1984). Dot matrix comparisons were performed with the 
programs COMPARE and DOTPLOT (Maizel and Lenk 1981). Multiple sequence 
alignment was done using the program PILEUP. Sequences of the rod domains from the 
following IF proteins were aligned: frog tanabin (Hemmati-Brivanlou et al., 1992); human 
nestin (Lendahl et al., 1990); human keratin 14 (Marchuk et al., 1985); chicken synemin 
(Becker et al., 1995); chicken vimentin (Zehner et al., 1987); mouse NF-M (Levy et al., 
1987); and chicken lamin A (Peter et al., 1989). The percent identity was calculated by 
individual alignments of each rod domain using the program GAP. The intermediate 
filament signature was identified with the program MOTIFS. Secondary structure 
predictions were analyzed according to the methods of Chou and Fassman (1978) and 
Gamier et al, 1978) via the programs PEPTIDESTRUCTURE and PLOTSTRUCTURE. 
A restriction enzyme map and isoelectric point, of selected paranemin sequences, were 
predicted using the programs MAPSORT and ISOELECTRIC, respectively. Basic Local 
Alignment Search Tool (BLAST) searches were performed using the NCBI BLAST e-mail 
server (Altshul et al., 1990) to search both nucleotide (PDB, GBUpdate, GenBank, 
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EmblUpdate, and EMBL), and peptide (PDB, SwissProt, PIR, SPUpdate, GenPept, and 
GPUpdate) sequence databases. 
Confirming the 5' End cDNA by 5' RACE and PCR Analysis—5'RACE system for 
rapid amplification of cDNA ends (No. 18374-025, GIBCO BRL) was used to synthesize 
cDNA corresponding to the 5' end of the paranemin transcript (Frohman et al., 1988). 
Reverse-transcription of a Poly (A) ^  RNA sample was performed with the use of gene-
specific primers spanning paranemin cDNA positions 1011 to 1028 and 2130 to 2147. 
After removal of excess dNTP and primers, the cDNA was tailed with dCTP and terminal 
deoxynucleotidyl transferase. Amplification of target cDNA was performed with Taq DNA 
polymerase (Promega), the anchor primer, and nested gene-specific primers spanning 
paranemin cDNA positions 455 to 472 and 1011 to 1028. PCR reactions of clones 3 and 24 
were performed with the same nested gene-specific primers used for the amplification of 
the target cDNA and the M13 forward primer (No. 18257-041, GIBCO BRL). The 
5'RACE and PCR products were electrophoresed on a 1% agarose gel for comparison 
analysis (See Fig. 4). 
Results 
A cDNA expression library in X,gt22 was constructed from poly(A)-»- RNA isolated 
from 14 day-old embryonic chick skeletal muscle using an oligo dT-primer. This library, 
which contained about 2.6x10^ independent plaque forming units, was screened for the 
expression of paranemin epitopes by using the monoclonal antibody 4D3, which had been 
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prepared earlier using purified paranemin from 14 day-old embryonic chick skeletal muscle 
(Hemken et (d., 1996a, 1996b). This antibody detected only a band corresponding to 
paranemin's size on a Western blot of whole muscle extract from 14 day-old embryonic 
chick skeletal muscle (Fig. lA). 
Two monoclonal antibodies, 4D3 and 4C7, and the rabbit polyclonal antibody reacted 
specifically with paranemin, with an apparent molecular weight of 280 kDa (Fig. 1); 
however, monoclonal antibody 3B12 recognized both paranemin and synemin (Fig. lA). 
The monoclonal antibody 4D3, used to screen the library, was tested against the 14 day-old 
embryonic chick skeletal whole muscle revealing specificity for only paranemin (Fig. lA). 
Out of 2.6 million plaques immunoscreened, 132 gave a positive signal. Phages from 
the 20 plaques with the strongest signal were further purified by rescreening at lower 
densities, until positive phage clones could be isolated. The two largest cDNA inserts, of 
clones 9 (3.2 kb) and 40 (2.7 kb), were then sequenced (Fig, 2A). 
The 5'RACE was initially used to generate a 2.2 kb probe, using a primer at the 5' end 
of clone 9 (see Experimental Procedures, Isolation of cDNA Clones for Avian Paranemin), 
to rescreen the Xgt22 library (data not shown). Hybridization screening using this probe 
and a 205 bp BstX I probe (Fig. 2A) generated from the 5' end of clone 9 yielded 
approximately 200 positive plaques. PGR analysis of the 200 phage mixes identified 20 
clones, which extended 2.1 kb beyond the 5' end of clone 9 and were the same size (2.2 
kb) as the 5' RACE product (data not shown). These 20 clones were purified to 
homogeneity and, of these, clones 3, 24, 89, and 169 were used for sequencing (Fig. 2A). 
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To confirm that the phages of clone 9 were indeed expressing cDNA of paranemin, we 
tested blots of phage plaques of clone 9 with a panel of monoclonal antibodies and rabbit 
polyclonal antibodies to paranemin. Monoclonal antibodies, 4D3 and 4C7, and rabbit 
polyclonal antibodies clearly bound to proteins contained in plaques of clone 9 (data not 
shown). However, monoclonal antibody 3B12, which crossreacts with synemin (Fig. lA), 
did not bind to clone 9 phage plaques. Apparently, monoclonal antibody 3B12 recognizes 
an epitope of paranemin that is located upstream of the 3.2 kb sequence of clone 9. 
Monoclonal antibodies 4D3 and 4C7 recognize different epitopes on paranemin, as 
shown by a Western blot of a partial m-calpain digest of paranemin (Fig. IB). A series of 
six closely spaced doublets were labeled with 4D3, and three closely spaced doublets were 
labeled on a duplicate blot with 4C7, indicating that these two monoclonal antibodies are 
binding to two different epitopes of paranemin. Thus, at least two different epitopes, 
within the sequence of clone 9 of paranemin, are recognized by 4D3 and 4C7. 
The size of the mRNA for paranemin from embryonic chicken skeletal muscle was 
estimated by Northern blot analysis to be 5.3 kb (Fig. 2B). As probes, we used two 
restriction enzyme cDNA fragments of clone 9, one that is located in the overlap region 
with the cDNAs for EAP-300 and IFAPa-400 (flae HI fragment), and the other one that is 
derived from the 5' end (Bs/X I fragment), which does not have any overlap to those 
cDNAs. 
To determine the size of the immunoreactive protein in the plaques of clone 9, P-
galactosidase fusion protein was expressed in E. coli Y-1089 and analyzed on a Western 
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blot (Fig. 3). The monoclonal antibody 4D3 specifically labeled a band of 220 kDa (Fig. 
3B, lanes 3-S), and no labeling was seen in lanes containing wild type Y-1089 bacterial 
proteins (control; Fig. 3B, lanes 1 and 2). Assuming an average molecular weight of 110 
daltons for an amino acid residue in paranemin, we calculated from the size of the fusion 
protein, that the cDNA insert of clone 9 contained an open reading frame equivalent to 
about 950 amino acids. This is slightly less than the length predicted from the size of the 
cDNA insert (3.2 kb), indicating the presence of a short non-coding region on this clone. 
After obtaining cDNA clones that appeared to contain the 5' end of paranemin by 
hybridization screening, 5' RACE and PGR analyses were used to confirm that the 
paranemin cDNA clones 3 and 24 indeed contained the 5' end of paranemin. In two 
comparisons for each clone (Fig. 4, lanes 2-5 and 7-10), the sizes of the 5'RAGE and PGR 
products are almost the same size, with the 5'RACE product slightly smaller, indicating 
that these clones do contain the 5' end of paranemin (Fig. 4). The slight difference in size 
is due to the amplification of 90 bp of pBluescript 11 SK (+) vector compared to 
approximately 36 bp of a modified anchor primer, which was synthesized without a 12 bp 
cloning site at its 5'end. 
The complete nucleotide sequence and deduced amino acid sequence of paranemin are 
shown in Fig. 5. A striking heptad repeat region is located approximately in the center of 
the molecule, from paranemin nucleotide positions 2231 to 3025 (also see Fig. 9). N-
terminal amino acid sequence was attempted; however, during the deblocking procedure, 
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the paranemin molecule was apparently cleaved in the repeat region and, as a result, 
internal sequence was obtained (see underlined sequence in Fig. 5). 
A comparison of the predicted and measured amino acid compositions (Table I) 
indicates close agreement, especially Glx, Ser, His, Arg, Thr, Val, He, Leu, Phe and Lys. 
The Met, Cys, and Trp composition had not been experimentally determined (Hemken et 
al., 1996a). The calculated pi and molecular weight of paranemin, based on the cDNA 
sequence, are 4.17 and 178,161, respectively. 
To examine the relationship of paranemin to the rod domain of other intermediate 
filament proteins, we aligned the deduced amino acid sequence of paranemin (Fig. 5) to 
those of the rod domains of seven other intermediate filaments proteins, which were chosen 
to represent other types of IF proteins. The overall sequence identity within the rod domain 
was determined to be in the range of 63.3% (tanabin) to 23.7% (keratin 14). The highest 
degree of conservation was found at both ends of the rod domain. Paranemin amino acid 
sequence had zero mismatches with the IF protein consensus signature, [(I,V) X (T,A,C,I) 
Y (R,K,H) X (L,M) L (D,E)], where X can be any amino acid (Steinert and Roop, 1988; 
Stewart, 1990; Fliegner et al., 1990; Franke, 1987; Lendahl et al., 1990; and Dodemont 
et al., 1990), at the C-terminal extremity of the rod domain. Valine in the first position of 
the pattern was only found in type VI IF proteins, whereas He is found in all other types 
(Fig. 6). 
The overall amino acid identities between paranemin and nestin, a class VI IF protein, 
and between paranemin and tanabin, a putative class VI IF protein, are 25.2% and 27,4%, 
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respectively. The percent identity in the tail domains of these proteins is significantly lower 
than in the rod domains, with 63.3% (rod) and 17.7% (tail) between paranemin and 
tanabin, and 48.5% (rod) and 21.8% (tail) between paranemin and nestin. 
The comparison of the sequence of the full-length cDNA sequence of paranemin (5.3 
Kb) with partial sequences for EAP-300 (1.4 kb) and IFAPa-400 (1.7 kb), found by 
searches in GenBank, revealed that these three sequences are almost 100% identical in their 
overlapping regions (Fig. 7). 
Secondary protein structure predictions of paranemin revealed mostly a-helices with 
inter^rsed regions of turns and P-sheets (Fig. 8). The paranemin sequence is very 
hydrophilic (Fig. 8), most likely reflecting the acidic character of the sequence, which has 
a predicted isoelectric point of 4.17. The comparison of the full-length paranemin cDNA 
sequence with itself shows a major block of 39 consecutive heptad rqieats (Fig. 9), with 
the most common being GDLQEEH, GDTQEEH, GDLQVEH, and EDLQVEH (heptad 
repeat sequence is shown in bold face in Fig. 7). 
Discussion 
The observed sequence identity and the immunoblotting results provide strong 
evidence that EAP-3(X) and IFAPa-400 are paranemin. Paranemin and partial EAP-300 
sequences share 476/481 amino acids (99.0% identity) and 1436/1443 nucleotides (99.5% 
identity), whereas paranemin and IFAPa-400 sequences share 428/431 amino acids (99.3% 
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identity) and 1708/1711 nucleotides (99.8% identity). The near 100% identity between 
EAP-300 and IFAPa-400 was reported by Kelly et al. (1995). Minor differences observed 
in the sequences may be due to allelic variations, point mutations, or tissue speciAcity 
(paranemin, muscle; EAP-300, brain; IFAPa-400, brain). Also, the reverse transcription 
of the RNA during the construction of the cDNA library may have introduced slight 
deviations in the sequence. However, we have obtained identical sequences &om a full-
length clone and from overlapping clones, and we have confirmed those sequence 
differences by sequencing both strands of the paranemin cDNA. 
The size of the paranemin transcript was much smaller than we expected from the size 
of paranemin as observed by SDS-PAGE. Simard et al. (1992) suggested that the size of 
the IFAPa-400 message was greater than 10 kb, which was based on only two ribosomal 
RNA markers. However, we find that the transcript size is 5.3 kb, when compared to six 
synthetic RNA markers. This message size of the paranemin transcript is large enough to 
code only for an ~190 kDa protein, which is much less than the -280 kDa estimated for 
paranemin by SDS-PAGE (Breckler and Lazarides, 1982; Hemken et al, 1996a, 1996b). 
The aberrant migration of paranemin in SDS gels may be due to the large number of 
negative charges (Table 1; Hemken et al., 1996a), which may cause SDS to bind poorly to 
proteins (Bryan, 1989a). For example, other proteins such as caldesmon (Graceffa et al., 
1988) and calpastatin (Takano et al., 1988) also are rich in acidic amino acids and exhibit 
anomalous behavior by SDS-PAGE. The estimated molecular weights determined by SDS-
PAGE for smooth muscle caldesmon, [120,0(K) (Marston and Smith, 1985; Fujii et al.. 
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1987); 125,000 (Ball and Kovala, 1988); 140,000 (Shirinsky et al, 1988); and 150,000 
(Sobue et al., 1981)], are much higher than the estimated molecular weight based on the 
cDNA-derived sequence, [82,000 (Bryan, 1989b)]. Another explanation for this 
discrq>ancy in size may be due in part to the glycosylation of paranemin (Hemken et al, 
1996a), which may cause paranemin to migrate slower in SDS-polyacrylamide gels. 
We identified the paranemin cDNA clones by immunological screening of a phage 
expression library using monoclonal antibody 4D3. To confirm that we have obtained 
paranemin cDNA clones and not those of an immunologically-related protein, we tested the 
proteins expressed by our paranemin clone 9 with a panel of monoclonal antibodies and 
polyclonal antiserum to paranemin. The polyclonal antiserum and two of these monoclonal 
antibodies (4D3 and 4C7), which recognize different epitopes in paranemin (Fig. IB), 
reacted positively with proteins expressed by clone 9. Further lines of evidence, namely the 
internal amino acid sequence obtained from purified paranemin by Edman degradation 
(underlined sequence in Fig. 5), the close agreement between the predicted and measured 
amino acid compositions (Table 1), and the predicted and measured isoelectric point 
(Hemken, et al., 1996b), argue that the sequence presented here is indeed paranemin 
sequence. 
Because paranemin contains an IF rod domain, it seems plausible that this region 
interacts with the rod domains of other IF proteins such as vimentin or desmin (Meng et 
al., 1996) in the backbone of IFs and that it links heteropolymeric IFs to other cytoskeletal 
components via its long C-terminal tail domain. Preliminary data (negative staining of 
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samples of purified paranemin dialyzed into an IF-fonning buffer) indicated that paranemin 
does not assemble into uniform 10 nm diameter filaments by itself (data not shown). 
The consecutive heptad repeat region in paranemin's tail domain is intriguing. 
Secondary structure predictions show that this motif could be a-helical. It has been 
proposed that the heptad repeat region in EAP-300 (Kelly et al., 1995), that is highly 
homologous, if not identical to paranemin, contains multiple leucine-zipper-like motifs. 
The leucine zipper contains a '4-3' heptad repeat of hydrophobic and nonpolar residues that 
pack together in an a-helical coiled-coiled (Landschulz et al., 1988); however, not all of 
the proposed leucine zippers contain the 4-3 hydrophobic repeat. For example, leucine 
repeats in Myc and Fos contain charged residues at the alternate site (O'Shea et ah, 1989). 
These leucine repeats may have hydrophobic contacts provided by side chain methylene 
groups, or a different conformation, which is thought to be the case in part of the rod 
domain of nematode myosin (McLachlan and Kam, 1983). However, it remains to be 
proven whether paranemin contains a leucine zipper domain and whether paranemin binds 
DNA under any conditions. 
Localization of paranemin by Price and Lazarides (1983) indicated that paranemin was 
expressed in all myogenic muscle tissues, but only remained in heart muscle of the adult 
chicken. Our results, however, have shown that paranemin also is present in adult skeletal 
muscle (Hemken et al., 1994, 1996a, 1996b). We have observed by confocal microscopy a 
small amount of paranemin present in frozen sections and isolated myofibrils from adult 
skeletal muscle (Hemken et al., 1994, 1996a, 1996b). The differences in results may be 
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explained by the fact that we used a different antibody (monoclonal antibody 4D3) and a 
different technique (confocal microscopy), which may be more sensitive than the methods 
of Price and Lazarides (1983). EAP-300 and IFAPa-400 have been localized in embryonic 
chick skeletal and cardiac tissue and in adult cardiac tissue, but neither EAP-300 nor 
IFAPa-400 were detected in adult chicken skeletal muscle (McCabe et al, 1992; McCabe 
and Cole, 1992; Cossette and Vincent, 1991). Embryonic chick neuronal tissues that have 
been shown to express EAP-300 include the brain, spinal chord, and somites (McCabe et 
al, 1992; McCabe and Cole, 1992; McCabe et al., 1995; Chabot and Vincent, 1990). 
Because we have shown that EAP-300 and IFAPa-400 are most likely identical proteins, 
paranemin may also fulfill functions previously ascribed to those two proteins, although 
differences in post-translational modification in non-muscle tissue are possible. In 
summary, paranemin has been shown to be a novel protein of the IF family, and it may 
have an important role in modulating IF function in developing neurons and in developing 
and mature cardiac and skeletal muscle cells. 
The abbreviations used are: ELISA, enzyme-linked immunosorbent assay; PBS, phosphate 
buffered saline; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; 
PVDF, polyvinylidene fluoride; HPLC, high performance liquid chromatography; kb, 
kilobase (s); RACE, rapid amplification of cDNA ends; PCR, polymerase chain reaction. 
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Table I 
Comparison of predicted and measured 
amino acid composition 
Calculated molecular weight = 178,161. 
Amino Hole % Hole % Amino Hole % Hole % 
acid predicted measured acid predicted measured 
Asp 6.102 — Ala 1 . 1 2 1  8.3 
Asn 1.245 — Pro 5.666 4.2 
Asx 7.347 10.1 Tyr 0.745 1.2 
Glu 18.431 — Val 4.670 4.3 
Gin 7.410 — Het 2.366 N.D. 
Glx 25.841 25.1 Cys 1.183 N.D. 
Ser 6.974 7.1 He 1.371 1.4 
Gly 8.407 11.8 Leu 8.904 8.9 
His 3.736 3.5 Phe 1.308 1.5 
Arg 4.981 4.8 Lys 3.612 3.9 
Thr 4.172 3.9 Trp 0.996 N.D. 
Acidic 33.188 35.2 Basic 12.328 12.2 
The predicted amino acid composition was calculated using PEPTIDESORT and the 
measured amino acid composition was reported in Hemken et al. (1996a). N.D., not 
determined. 
Fig. 1. Speciflcity of anti-paranemin monoclonal and polyclonal antibodies for avian 
paranemin. A, (a-d) Western blots of paranemin samples purified from 14 day-old 
embryonic chick skeletal muscle and purified synemin from avian gizzard smooth muscle 
were tested against monoclonal antibodies (a) 4D3, (b) 4C7, (c) 3B12, and (d) polyclonal 
anti-14 day-old embryonic chick skeletal muscle paranemin. (e) Whole tissue homogenate 
from 14 day-old embryonic chick skeletal muscle was tested with monoclonal antibody 
4D3, which was used to screen the expression library. B, Western blots of two strips cut 
from the same lane of a sample of calpain-digested purified paranemin, were tested with 
monoclonal antibodies (a) 4D3 and (b) 4C7. Large arrows indicate paranemin, with an 
apparent molecular mass of 280 kilodaltons, and the small arrow indicates the position of 
synemin (230 kDa). Migration of molecular mass markers (No. SDS-6H, Sigma) are at the 
left. 
A B 
a b c d e a b 
^ 280 Im<^280 
^230 r 
205-' 
205-
116-
97-
66-
116-
97-
66-
Fig. 2. Clone scheme of overlapping cDNAs for paranemin, EAP-300, IFAPa-400, and 
of the cDNA fragments used for Northern blot analysis. A, Diagram showing the 
relative location of the aligned nucleotide sequences of paranemin (5285 bp), and partial 
sequences of EAP-300 (1443 bp) (Kelly et al., 1995) and IFAPa-400 (1711 bp) (Simard et 
al., 1992). The cDNA firagments produced by restriction enzymes, BsiK 1(205 bp) and of 
Hae m (864 bp), from clone 9, were used for hybridization analysis. The scheme includes 
cDNA clone numbers 24 (5275 bp), 3 (2898 bp), 169 (2574 bp), 89 (2164 bp), 9 (3205 
bp), and 40 (2666 bp). B, DNA hybridization analysis of poly(A)"*' RNA from 14 day-old 
embryonic chick skeletal muscle with the restriction enzyme-generated probes BstX I and 
Hae in indicated at the top of each line. Lanes a and c, 3 ^g poly(A)''' RNA were loaded; 
Lanes b and d, 6 tag. The single transcript size for paranemin, in kilobases, is indicated by 
the arrow. SNA-ladder markers in kilobases are indicated at the left. 
Alignment of Paranemin cDNA Clones 
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Fig. 3. Western blot analysis of the P-galactosidase-paranemin fusion protein. Control 
Y1089 bacteria (lane 1, supernatant; lane 2, pellet) and Xgt22-clone 9 lysogenic Y1089 
bacteria (lanes 3, 4, and 5, supematants) were subjected to SDS-PAGE (5% stacking [S] 
gel and 8% separating gel). (A) Coomassie blue staining pattern and (B) Western blot, 
using monoclonal antibody 4D3, of a duplicate gel transferred to nitrocellulose. Protein 
loads were approximately 20 |ag in lane 1, 40 (xg in lane 2, 5 (xg in lane 3, 10 (xg in lane 4, 
and 20 |ig in lane 5. Arrows indicate the P-galactosidase-paranemin fusion protein. Lane 
M, molecular mass markers (No. SDS-6H, Sigma) in kilodaltons. 
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Fig. 4. Comparison of 5'RACE and PGR of clones 3 and 24 for conflrmation of the 5-
prime end of paranemin. PGR Canes 2, 4, 7, 9) and 5'RACE Ganes 3, 5, 8, 10) of 
clones 3 (lanes 2-5) and 24 (lanes 7-10). For PGR of clones 3 and 24, two gene specific 
primers spanning from paranemin cDNA positions 455 to 472 and 1011 to 1028, and the 
M13 forward primer (No. 18257-014, GIBCO BRL) were used. For amplifying the 
5'RAGE products by PGR, the same paranemin specific primers were used in addition to 
the anchor primer (No. 18388-017, GIBCO BRL) (see "Experimental Procedures" for 
details). A mix of lambda DNA/Hmd EI and <j)X174 DNA/fllae III nucleic acid markers 
(Promega) are in lanes 1 and 6 with the size in kb indicated at the left. 
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Fig. 5. Nucleotide sequence of avian muscle paranemin cDNA and its deduced amino 
acid sequence. The positive numbers of nucleotides start at the first residue of the coding 
sequence. Amino acids are designated by the one-letter code. Underlined regions represent 
the matching avian muscle paranemin sequence obtained by automated Edman degradation 
of peptides {parentheses indicate equivocal amino acid assignments). The initiation codon, 
stop codon, and polyadenylation signal sequences are double underlined. The nucleic acid 
sequence of paranemin is available from GenBank under accession number . 
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-2 4 GACGCGTGGGCTTCTGCCGCCGCGATGCTGAGCATGGAGGGCTTCGTGGGGGCGAGAGCT 
H L S H E G F V G A R A  1 2  
37 CTGGGTGAGGAATCGCTGCAGATGTGGGACCTCAACAAGCGCCTGGAGGCCTACCTGGCT 
L G E E S L Q H  W D L N K R L E A Y L A  3 2  
97 CGCGTCAAGTTCCTGGAGGAGGAGAATGAGGGGCTTCGAGCTGAGATCCAGAGCACCAAG 
R V K F L E E E N E G L R A E I Q S T K  5 2  
157 GAGAACCCGGCCGGGGACCCACGCAGGGCCAGGTATGAGGAGGAGCTGCGGTCGCTGCGG 
E K P A G O P R R A R Y E E E L R S L R  7 2  
217 GATGCGCTGCACCGCGCCTTCACCGAGAAGTGTGCGGCCGAGCTGGCCAGGGACAACCTG 
D A L H R A F T E K C A A E L A R D N L  9 2  
277 TATGAGGAGGTGCAGCATGTGAGGAGCAGGTGCCAGAAGGAGCAGGCAGCCCGCGAGGAA 
Y E E V Q H V R S R C Q K E Q A A R E E  1 1 2  
337 GCCAAGAGGCAGCTGTCCTCCAGCAAGAAGGAGCTGGAGGAGGAGAGACGGGCGCAGATC 
A K R Q L S S S K K E L E E E R R A Q I  1 3 2  
397 TGGCTGAAGGAGAGAGCCGTGCAGCTGGAGAAGGAGGTGGAAGCTCTGCTGGAGGTGCAC 
W L K E R A V Q L E K E V E A L L E V H  1 5 2  
457 GAGGAGGAGAAAGCAGGGCTGGACCAGGAGCTCGCCAGCTTCTCTCAGAGCCTGGAGGGC 
E E E K A G L D Q E L A S F S Q S L E G  1 7 2  
517 TTCCGCTGTGCACCGGTGGCATTCCAGCCCGTGGAGGTGGAGGACTACTCCAAAAGACTG 
F R C A P V A F Q P V E V E D Y S K R L  1 9 2  
577 TCAGAGATCTGGAGAGGGGCGGTGGAGACCTACAAGGCAGAGGTGTCACAGCTGGAGCGT 
S E I W R G A V E T Y K A E V S Q L E R  2 1 2  
637 GCACTTGGCCAAGCCAAGGAGAACCTCTGGCAGGTGGCAGAGGACAACCAACAGAGCCAA 
A L G Q A K E N L W Q V A E O N Q Q S Q  2 3 2  
697 CTGCAGCTGCGGCACCTGGAGAAGGAGCTGGTGGGGCTGAAGGTGCGGAAGGAGATGCTG 
L Q L R H L E K E L V G L K V R K E H L  2 5 2  
757 GAGGAGAGCCTGGGCCAGCAGTGGCAGGAGCAGCACGGAGAGGCTGAGAAGTTCCAGCTG 
E E S L G Q Q W Q E Q H G E A E K F Q L  2 7 2  
817 GCCATCGAGGCCCTGGAGCAGGAGAAGCAGAGCCTGCAGGTGCAGATCGCCCAGGTGCTG 
A I E A L E Q E K Q S L Q V Q I A Q V L  2 9 2  
877 GAGGACAGGCAGCAGCTCATGCACCTCAAGATGTCCCTCAGCCTGGAGGTGGCAACCTAC 
E D R Q Q L M H L K H S L S L E V A T Y  3 1 2  
937 AGGACACTGCTGGAAGCAGAGAGCACCCGGCTGCAGATGCCGCCCGGGGAGTTCAAGCTG 
R T L L E A E S T R L Q M P P G E F K L  3 3 2  
997 GCCAACAGCCTGCGAGATGTCAAGCTGGAGGCGAGCAGCAGCAAGCACCGTGCCAGCCTT 
A N S L R D V K L E A S S S K H R A S L  3 5 2  
1057 GCTGCCTTCCCCCGGCCTGAGGGGGTGGCACAGCTGTGCAGAACCCCTGGTGATGCCCTC 
A A F P R P E G V A Q L C R T P G D A L  3 7 2  
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1117 AAGGTGCTGACCCCCAAAAGCAAGAGCTCCAGTGCACTGGAGTTCCAGAAAATCAGCTCG 
K V L T P K S K S S S A L E F Q K I S S  3 9 2  
1177 GTCCTGCAGGCACCGAGGAGCTGGGAGCCTGCTGCCCCCAGCCCCACTGTCCCAGTGGTG 
V L Q A P R S W E P A A P S P T V P V V  4 1 2  
1237 TCCCCAGAGCCAGGCAGTGGGGGGGCAGAGAGCCCAGTCCATGAGTGTGGGGCTGGCAAG 
S P E P G S G G A E S P V H E C G A G K  4 3 2  
1297 GAGTCCCCCATGCTGAGCCCACTGAGTCCTGAACAGCTGGTCAACCACGCGCTGCAGGAT 
E S P H L S P L S P E Q L V N H A L Q D  4 5 2  
1357 GCTCTCAAGGAGATGCAAGATGATGCTGAGGCCAAAGAAGTGCCCACACTCAGTGCCACC 
A L K E H Q D D A E A K E V P T L S A T  4 7 2  
1417 CAGAGTACCAGGGATGGGGATCTTGAAGCCACCATGGAGGAGGAGGAGGCTGCAGGAACC 
Q S T R O G D L E A T H E E E E A A G T  4 9 2  
1477 CAGGGGGTGGGTGCTGAGGGTGAAACCGTGTCCCCACCTGGGCTGTGTTTCTGCAGCAAC 
Q G V G A E G E T V S P P G L C F C S N  5 1 2  
1537 GAGCCTACATTGTTAAGTGCCACCCAGAGTGATGTAGAGAGCCAGGAGGAGATGTGGGAG 
E P T L L S A T Q S D V E S Q E E H W E  5 3 2  
1597 GAGGAGAGGAGCAAAGAGGAGATGCTGAACCCACTGAGCTCCATGGAGAGCCAGGAGCCA 
E E R S K E E H L N P L S S M E S Q E P  5 5 2  
1657 GGGGGAGAGCCCTGGGGAGGGGTCACAAGGAGGTCCAGGCTGCAGGTGGGCAAGGAGGAC 
G G E P W G G V T R R S R L Q V G K E D  5 7 2  
1717 ATGGAGGCCACCAGCACAGAGGCACTGCACATCTCGGAGAAAAAGGAGCAGAGGGAAATC 
M E A T S T E A L H I S E K K E Q R E I  5 9 2  
1777 TGGAGCCCCTCCAGGGAGGATGAGGAATGTGAGTTCCCAGATGAGGAGAGGGAAATGCAA 
W S P S R E D E E C E F P D E E R E M Q  6 1 2  
1837 GAAGAAGGGTCCCTGCAGATGGAAATCGAAGCTGCTTGTGCTGTCCCTGTGGGGAGCCAC 
E E G S L Q H E I E A A C A V P V G S H  6 3 2  
1897 CCAGTTTTGCCyUVCAGGAATCCACTTGCAAGAGGACTTCCTTGAGAGAGAGCAGGAGTCT 
P V L P T G I H L Q E D F L E R E Q E S  6 5 2  
1957 GAGCACCAGGAGACGTCCCTGGGTGAGCTGGGTGCTGCTGCAGGGGAGGAGAGGGAGCAG 
E H Q E T S L G E L G A A A G E E R E Q  6 7 2  
2017 GAGGTGTGCCAGGAGCTGAAGGCTTCTAGCATTGAAGAGGCCATGCCAGCAGCAGAGGGC 
E V C Q E L K A S S I E E A H P A A E G  6 9 2  
2 077 TCATCAGGGTCTGGAGAAGACACCACAGGAAGGGAGAGCACAGGCAGAGCAAGGGATGAT 
S S G S G E D T T G R E S T G R A R D O  7 1 2  
2137 GAGGGAGAAGAGGAAGATAAAGGAAGGGAGGCATTAGGGGAAGATGACCCCCAGGCAGGG 
E G E E E D K G R E A L G E O O P Q A G  7 3 2  
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2197 GAGGCTTTGGGAGCCAAAGAGCTCGGGCAGGAGACCATGGGCTTGGAGGAGGCTGAGGGC 
E A L G A K E L G Q E T M G L E E A E G  7 5 2  
2257 ATTTGGGAGGAATCTGTGGACCTGCAGGAAGAACATAGAGACCTTCAGGAGGGACATGGG 
I W E E S V D L Q E E H R D L Q E G H G  7 7 2  
2317 GACCTGCAGGTGGAGCATGAGGACCTGTGGGAGGAACACGGGCACATACAGGAGGAGCAT 
D L Q V E H E D L W E E H G H I Q E E H  7 9 2  
2377 GGGGACACCCAGGAGGAATATGGGGACACCCAGGAGGAACATGGGGACCTGCAGGTGGAA 
G D T Q E E Y G D T Q E E H G D L Q V E  8 1 2  
2437 GGTGGGGACCTGCAGGAGGAGCATGGGGACACCCAGGTGGAGCATGAGGACCTGCAGGTG 
G G D L Q E E H G D T Q V E H E D L Q V  8 3 2  
2497 GAGCATGAGGACCTGCAGGTGGAGCATGGGGACCTGTGGGAGGAACACAGGGATGTACAG 
E H E D L Q V E H G D L H E E H R D V Q  8 5 2  
2557 GAGGAGCATGGGGACACCCGGGAGGAATATGGGGACACCCAGGAGGAACATGGGGACCTG 
E E H G D T R E E Y G D T Q E E H G D L  8 7 2  
2617 CAGGTGGAAGGTGGGGACCTGCAGGAGGAGCATGGGGACACCCAGGAGGAACATGAGGAC 
Q V E G G D L Q E E H G D T Q E E H E D  8 9 2  
2677 CTGCAGGAGGAGCATGGGGACACCCAGGAGGAGCATGGGGACCTGCAGGTAGAACATGGG 
L Q E E H G D T Q E E H G D L Q V E H G  9 1 2  
2337 GACCTGCAGGAGGAACACAGGGACCTGCAGGAGGGGCATGGGGACCTGAAGGAGGAGCAT 
D L Q E E H R D L Q E G H G D L K E E H  9 3 2  
2797 GGGGACCTGCAGGTAGAACATGAGGACCTGCAGGTGGAGCATGGGGACCTACAGGAGGAG 
G D L Q V E H E D L Q V E H G O L Q E E  9 5 2  
2857 CATGGGGACACCCAGGAGGAGCATGGGGACCTGCAGGAGGAGCATGGGGACCTGCAGGTG 
H G D T Q E E H G D L  O E E H G D L O V  972 
(S) 
2 917 GAACATGAGGACCTGCAGGTGGAACATGGGGACCTGCAGGTGGAGCATGGGGACCTACAG 
ii H_ E D JL. Q _V_ EHGDLQVEHGDLQ 992 
(B) (X) (B) 
2977 GAGGAGCATGGGGACACCCAGGAGGAACATAGGGCTCTGCAGGGGATGGGCTGGAGCAGG 
E E H G D T Q E E H R A L Q G H G W S R  1 0 1 2  
3037 ACATGGTGCTGCAGCCTGGAGAGGGGGCATGGGGCAGGGAAGACAATGACATCAGTCAAA 
T W C C S L E R G H G A G K T H T S V K  1 0 3 2  
3097 AGCAGCAAGCACAGGACTGGGAAGGGACAGCGGAGGATGAAGAGGAGACAGGAGTCAATA 
S S K H R T G K G Q R R H K R R Q E S I  1 0 5 2  
3157 CCATCACATCCCAAGAGCCAACCCAGGTGGATGACAACCCACATGCAGAGGCAGCAGAAA 
P S H P K S Q P R W M T T H M Q R Q Q K  1 0 7 2  
3217 ATGAGGAGAGGGATGTCACATCACCAACAGCAATGGAGGAAACCCAGGAGGGTGAGGATG 
H R R G H S H H Q Q Q H R K P R R V R M  1 0 9 2  
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3277 AGGGAGATGCTGGGAGTGAGGTGCAGAGCCCAGCAGCAGCCACAGGACACTCCAGGACAG 
R E M L G V R C R A Q Q Q P Q D T P G Q  1 1 1 2  
3337 GAGGCTGAGCCGGCCCCAGGGCAGAAGGAGGTCAGGTATGGGGACACTGGGGAGGCACCA 
E A E P A P G Q K E V R Y G D T G E A P  1 1 3 2  
3397 GGGGACCCACAGGAGCCAGCTGAGGCACTGGAGGTGGAGGATGAGGAGCTCAGCTCAGT^ 
G D F Q E P A E A L E V E D E E L S S E  1 1 5 2  
3457 CCCATTGAGCTGGAGAGAGGTAGCCCTGACACTGCAGTGATGCAGCAGGATCTGGGCAAT 
P I E L E R G S P D T A V M Q Q D L G N  1 1 7 2  
3517 GGCGCAGAGAGTGATGAGCCCATGGAGGAGGACTTTCAGTCAGAGGATGCTCAGCTGGAG 
G A E S D E P H E E D F Q S E D A Q L E  1 1 9 2  
3577 GAGCCCAAGGCATGCAGGATGGAATTAGAAGACACGCTGCTCAACAGCACGCCGCTATGT 
E P K A C R M E L E D T L L N S T P L C  1 2 1 2  
3637 GCATACAGCGGGGAGATGCTGGAGTCTGATCCAAACCCTCCATCCAGCGGAGGGGATGGG 
A Y S G E M L E S D P N P P S S G G D G  1 2 3 2  
3697 GAAGCAGCACCTGAAATGGCTCAGGAGGAGGAAGGGGACCTGAGAGGGAGCGATGAGGCA 
E A A P E H A Q E E E G D L R G S D E A  1 2 5 2  
3757 GCGGTTCATGCAGAGCCAGAGAGCTGTGAGGAGCTGAGCCCTGCACCAGAATGCACCGAG 
A V H A E P E S C E E L S P A P E C T E  1 2 7 2  
3 817 GAGGAGGAAGGGTACTTTATAGTTTCTGCTCCCAGCCAAGAGGGGTCCAGCATGGAGGAA 
E E E G Y F I V S A P S Q E G S S H E E  1 2 9 2  
3877 GCTGAGAACTCAGAGGAATTTGAAGAAATTAAAGTTGAAGCAGCAGAAGACAGAAAGGAT 
A E N S E E F E E I K V E A A E D R K D  1 3 1 2  
3937 GAACTAACAGCGCCTGGAGTAGCATCTTTGGTGCCAGAGGATGAAGGGCACTCGGAGCCA 
E L T A P G V A S L V P E D E G H S E P  1 3 3 2  
3997 TTTGTGGGGGAAGCTGAAGATGTGAAAATGCCCCTTGGGGAATTTGAGATGCCAAAGGAG 
F V G E A E D V K M P L G E F E M P K E  1 3 5 2  
4057 GAGGATGAGGAGGATGCAGGGGGTTTTGCTGCTGAGCTGGAGGAAGGACTGACTGTGCCC 
E D E E D A G G F A A E L E E G L T V P  1 3 7 2  
4117 GTGGCTGAGGGGCTGTCTGAGGGGCACACTGATAAGACCACCCTGGGTGATGAGGGGCTG 
V A E G L S E G H T D K T T L G D E G L  1 3 9 2  
4117 GGGGAGGAGGACGTGCAGGATGGTGACAACCCCCCGGCCACTGAGACCTCCGACACTGAT 
G E E D V Q D G O N P P A T E T S D T O  1 4 1 2  
4237 CCCTCCAACACTGACCCACCTCCAGGCACCATGCTGGAGCATGGAGCTGGCATGGAGGCG 
P S N T O P P P G T H L E H G A G H E A  1 4 3 2  
4297 GCTGAATATCTCCCCGATGTGCCCACGCAACTGCCAGTGGACATCATGAAGGACTCGGAT 
A E Y L P D V P T Q L P V D I M K D S D  1 4 5 2  
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4357 ATTCTGGAGATAGTAGAGCAA6CCCTGGAGTTCAATCAGGAGCTGGTACTGGGAGCCAAG 
I L E I V E Q A L E F N Q E L V L G A K  1 4 7 2  
4417 CTGGCCAAGGATGGGCAGGAGGAGGATGGTGACGCACAGCCCCCACAAGAGGAGGAAGGG 
L A K D G Q E E D G D A Q P P Q E E E G  1 4 9 2  
4477 GGGTCCTCACCCACCTCGTCCTGCGATGAGCAGCCAACGGTGCAGGAGGCGGTGGCAGAG 
G S S P T S S C D E Q P T V Q E A V A E  1 5 1 2  
4537 CCA6AGCGCACCAAGAACGGGGAGCAGAAT6GGCTGCACCGGCAGGCCAGCCTGGAGGAC 
P E R T K N G E Q N G L H R Q A S L E D  1 5 3 2  
4597 CTGGCTGAGTTCACCGAGGAGGGGCTGAATGGCATCACCCACCCTGGGGAAGCCCCTGCT 
L A E F T E E G L N G Z T H P G E A P A  1 5 5 2  
4657 GCCCACACCCTGCCCCTGCCCAGCAAGCACAGTGGGGCTGAGCCTGTCCCTGAGCTGTCT 
A H T L P L P S K H S G A E P V P E L S  1 5 7 2  
4717 CCGCTGCAGACCACGTCCTGCGCCCGGAGCAGGAGCCCTGGTCCTCTGGGGAGGAGTGAT 
P L Q T T S C A R S R S P G P L G R S D  1 5 9 2  
4777 GC6GTGGGACCCCACAGCCCCGCGACAATCGGACGCCTCCCATAGCACTGCCTAGCTAGC 
A V G P H S P A T I G R L P *  1 6 0 6  
4837 ACACCCATTTCCCTTTGGTTTGTAACATGTTTGTGTGGGTTTTGCCTTGTTGAACGGATG 
4897 CCCGGCGCACGGCAGCGCAGCTGAGTGAGGGGCCACGACrrCACACCTCGGAGCAAAGAA 
4957 CCAGGCTCTCTCTCTCTGCCTCCAGATCCCACACTCGTGCTGGGTTCAGCCTCATTTTGT 
5017 ACCCCAGGTGCACTCTTTACTGCAGTGTTTAATTTAAACCCTGCGTCTCCTCCTTCCCCA 
5077 CTCAGCCCGGCCAGGTGCACGCAGTGTGATTTCCATACAGGCTCACCTTTGCGCTGCACA 
5137 CTGGGATGGATGTCCGTCCCCAATGCTCACAGCGCTGAGCTACACCGGATGCATCCGCTG 
5197 CATTGACACTAAGTTAATAAAGCATCGCCCTCCCACTCTGAAAAAAAAAAAAAAAAAAAA 
5257 AAAAA 
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Fig. 6. Optimal alignment of the rod domain of paranemin with the rod domains of 
other IF proteins. Sequence identity to paranemin is indicated by dashes, and dots 
represent gaps inserted by the alignment program PILEUP with the GapWeight=6 and 
GapLength=0.1. Hydrophobic residues in the heptad repeat are indicated by asterisks. The 
start of helical domain 2A for paranemin was difficult to defme. The regular pattern of 
heptad repeats is interrupted once in domain 2B by the presence of a "stutter". The 
intermediate filament signature (double underline), [(I,V) X (T,A,C,I) Y (R,K,H) X 
(L,M) L (D,E)] where X can be any amino acid (Steinert and Roop, 1988; Stewart, 1990; 
Fliegner et ah, 1990; Franke, 1987; Lendahl et ah, 1990; and Dodemont et al., 1990), 
was identified in paranemin with zero mismatches using the GCG program MOTIFS. The 
percent identity was calculated by individual alignments of each rod domain using the 
program GAP with the same GapWeight and GapLength as used with PILEUP. The 42 
amino acid insertion in region IB of the lamin A sequence was not included in the 
calculation of percent identity. 
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< Helical Domain lA • <—Linker Ll—• 
* *  * *  * *  * *  * *  
Paranemin ESLQHWDLNKRLEAYLARVKFLEEENEGLRAEIQST KENPAGDPRR. .ARY 
Tanabin —T S S A L—K—H-L RSSKSERCWK. .KKH 
Nestin —F E—R G A Q—L-S-GLGGL RRQS-DTSW-. .-HA 
Keratin 14 -KVT-QN—D—AS—DK-RA A-AD-EVK-RDW YQRQRPAEIKDYSP-
Synemin -KRELQE—S—RVFVS—RE RF-AR-IiAEL R-QELIGL-V. .P.. 
Vimentin -KVELQE—D-FAN-IDK-R QQ-KI-L—LEQL -GKGTSR. .LG.DL-
NF-M -KE-LQG~D-FAG-IEK-HY~QQ-KEIE AL RQKQ-SHAQLG.DA-
Lamin A -KEDLQE—D—AV-IDK-RS—L—A IiR-TES E-WSREVSGIK-A-
* *  * *  * *  * *  * *  * *  * *  
Paranemin EEELRSLRDALHRAFTEKCAAELARDNLYEEVQHVRSRCQKEQAAREEAKRQ 
Tanabin H—MMK DDGHR-MVQ—^HV—SI lEF-KQ—LE-KQ D—KE 
Nestin DD—AA—ALVDQRWR—H V A—LEG-AG—EQLRL RTTEE 
Keratin 14 FKTIED—NKILT-TVDNANVL-QI—ARLAADDF-TKYET-LNL-MSVEAD 
synemin -Q—AW—MQ-EELSQA-LE E—G-RR-LEQLQLLGAEVL-T-RRLEPE 
Vimentin M-DV-RQVDQLTND-ARV-VE ^ADDIMRL-EKL-E-MLQ EST 
NF-M DQ-I-E—AT-EMVNH—AQVQ-DS-H-E-DIHRLKE-FEE-ARL-DDTEAA 
Lamin A -A—^ADA-KT-DSVAK-RARLQ-ELSKVR—HKELKA-NA-KE-DLLA-QAR 
Helical Domain IB 
* *  * *  * *  * *  * *  * *  * *  *  
Paranemin LSSS KKELEE 
Tanabin —E- —L 
Nestin VARN RRAV-A 
keratin 14 INGL RRV-D-
Synemin -AGQ RQL-QR 
Vimentin -Q-F RQDVDN 
NF-M IRAL R-DI~ 
Lamin A -KDLEALLNSKEAT^STALGEKPNLENEVRDLRAQVAKLEGALSEA—Q-QD 
• 4 Linker L12 
*  * *  * *  * *  * *  *  
Paranemin ERRAQIHLKERAVQLEKEVEALLEVHEEEKAGL DQELASFSQSLEGFRCAP 
Tanabin -T LG A-L-DI-RD LM EE-I R—N~V~ 
Nestin -KC-RA—SSQGAE—R-L RVA RV— NAQA-CAPRLPAPP-PPA 
Keratin 14 LTL-RAD-EMQIES-KE-LAY-KKN MNA- RGQV.GGDVNV-..MD-A 
Synemin LQGECVA-E-LLL—QD-HGH-A-RQRR-WEI RE LRMD-AALPPPL 
Vimentin ASL-GLD-ERPVES-QE-IVF-KKL-D—IRE- QAQ-QEQHIQID...MDV 
NF-M SSMVKVE-DKKVQS-QD—AF-SRN V-D- LAQIQASHITV-..-KDY 
Lamin A -MLRRVDAENRLQT-KE-L-FQKNIYS—LRET KRRHETRLVEIDNG-QQE 
• * ^Helical Domain 2A • Linker 
* *  * * * * * *  
Paranemin VAFQ PV....EVED.YSKRLSEIWRGAVETYKAEVSQL.ERALG QAKENL 
Tanabin K — —D-.-ARK Q E—S V-.-AG-S ES 
Nestin P-.. - E.LAR—G-A RG-QER-AHM.-TS-D -TR-R-
Keratin 14 PGVD LSRILN-MR-Q-E-MAEKNBKD-E-WFFTKTEE-NR.EVA TNS-LV 
Synemin S-LS LE -L-ET-EML—QSCQETLLR-QEQIQR-Q-QEAQ RSR 
Vimentin SKPD LTAALRD-RQQ-ESVAAKNLQE-E-W~SKFAD-S-.-AN RNNDA-
NF-M LKTD ISTALK-IRSQLECHSDQNMHQ-E-WF-CRYAKLT-.-AE -N—AI 
Lamin A FESK LAEALQDLRRQHEDQIRHYROELEK—G-KLENAKQ.SAE RNSSHA 
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L2—• * ^Helical Domain 2B 
* *  * *  * *  * *  * * * *  * *  
Paranemin WQVAE DNQQSQLQLRHLEKELVGLKVRKEHLEESLGQQWQEQHGEAEKFQL 
Tanabin RK-L- E-K-NR-L-QS-D S—M A—DL-SK KE-E—L-R 
Nestin ARAVQ GAREVR-E-QQ-QA-RGG-LE-RAA—QR-EGR RLRAT 
Keratin 14 QSGKS EISELRRTMQN—I—QSQLSM-AS—N—EETKGRYCMQLAQI-E 
Synemin ELLR- ESR-CRQH-ED-HRQGQE-CGLR-R—QE-IAMQDRHGA-V-EY-R 
Vimentin R-AKQ EANEYRR-IQS-TC-VDA—GSN-S—RQMREMEENFAV—ANY-D 
NF-M RSAK- EIAEYRR—QSKSI—ESVRGT—S—RQ-SDIEERHNHDLSSY-D 
Lamin A GAAH- EL—THXRIDS-SA—SQ-QKQLAAK-AK-REVEEALSREREGGRR 
* *  * •  * *  * *  * *  * *  * *  *  
Paranemin AXEALEQEKQSLQVQIAQVLEDRQQLHHLKHSLSLEVATYRTLLEAESTRL 
Tanabin KA D-RG E S 63.3% 
Nestin -V G—S G A NS— 48.5% 
Keratin 14 M-GSV-EQLAQ-RCEME-QNQEYKI-LDV-TR-EQ-I R G-DAH- 23.7% 
Synemin I-D E F-TMS-TDY-R-Y-E-LQV-AG-I—IE A GK-NQW 30.4% 
Vimentin T-GR-QD-I-NHKEEM-RH-REY-D-LNV—A-DI-I K G-ES-I 28.3% 
NF-M T-QQ—N-LRGTKWEH-RH-REY-D-LNV—A-DI-I-A—K G-E—F 28.2% 
Lamin A LLAEK-R-MAEMRARMO-O-DEY-E-LDI-LA-DM-INA—K G-EE— 26.3% 
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Fig. 7. The comparison and alignment of predicted amino acid sequences of cDNAs 
encoding paranemin, and partial sequences of EAP-300 (accession no. X80877) and 
IFAP^-400 (accession no. S52130). Nearly identical coding sequence was identified 
between paranemin and the partial sequences of EAP-300 (Kelly et al., 1995) and IFAPa-
400 (Simard et ah, 1992), Identities are shown as dashes. Mismatched EAP-300 amino 
acid residues are at positions 859 (Q), 946 (D), 1269 (Q), 1308 (A), and 1309 (E), and 
mismatched IFAPa-400 amino acid residues are at positions 1333 (V), 1382 (I), and 1415 
(S). Amino acids are designated by their one-letter code, the stop codon is marked by an 
asterisk, and continuous pseudo heptad repeats are in bold. 
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Paranemln 701 T6RESTGRARDDEGEEEDKGREALGEDDPQAGEALGAKELGQEIMGLEEA 750 
Paranemin 751 EGIHEESVDLQEEBROLQEGBOSLQVEBEOLVfEEBGBZQEEBGDTQEBYO 800 
Paranemln 801 DXQEEB6DLQVE6GDZK2EEBGOTQVEBEOLQVEBEOLQVEBGDLWEEBRO 850 
EAP-300 
Paranemln 851 VQEEBGDTREEYGDIQEEBODLQVEOGDLQEEBGDIQEEBEOLQEEBGDT 900 
EftP-300 Q 
Paranemln 901 QEEB6DLQVEB6DLQEEBRDI.QE0B6DLKEEBGDLQVEBEDI.QVEBGDLQ 950 
Peuranemln 951 EEBGDIQEEBGOI1QEEBODLQVEBEOLQVEB6OLQVEB6DZ.QEEBGDIQE 1000 
EftP-300 
Paranemin 1001 EBRaLQGMGHSRIWCCSLERGHGAGKTHTSVKSSKHRTGKGQRRMKRRQE 1050 
EAP-300 
Paranemln 1051 SIPSHPKSQPRHMTTHMQRQQKMRRGHSHHQQQWRKPRRVBMREHLGVKC 1100 
EAP-300 
Paranemln 1101 RAQQQPQDTPGQEAEPAPGQKEVRYGDTGEAPGDPQEPAEALEVEDEELS 1150 
Paranemln 1151 SEPIELERGSPDTAVHQQDLGNGAESDEPMEEDFQSEDAQLEEPKACRME 1200 
IFAPa-400 
Paranemln 1201 I.EDTLLNSTPLCAySGEMLESDFNPPSSGGDGEAAPEMAQEEEGDLRGSD 1250 
EAP-300 
IFAPa-400 
Paranemln 1251 EAAVHAEPESCEELSPAPECTEEEEGYFIVSAPSQEGSSMEEAENSEEFE 1300 
IFAPa-400 
Paranemln 1301 EIKVEAAEDRKOELTAPGVASLVPEDEGHSEPFVGEAEDVKMPI.GEFEMP 1350 
EAP-300 AE 
IFAPa-400 V 
Paranemln 1351 KEEDEEOAGGFAAELEEGLTVPVAEGLSEGHTDKTTLGDEGLGEEDVQDG 1400 
IFAPa-400 1 
Paranemln 1401 DNPPATETSDTOPSNTDPPPGTMLEHGAGHEAAEYLPDVPTQLPVDIMKO 1450 
IFAPa-400 S 
Paranemln 1451 SDILEIVEQALEFKQELVLGAXLAKDGQEEDGDAQPPQEEEGGSSPTSSC 1500 
IFAPa-400 
Paranemln 1501 DEQPTVQEAVAEPERTXNGEQNGLHRQASLEDLAEFTEEGLNGITHPGEA 1550 
IFAPa-400 
Paranemin 1551 PAAHTLPLPSKHSGAEPVPELSPLQTTSCARSRSPGPLGRSDAVGPHSPA 1600 
Paranemln 1601 TIGRLP* 
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Fig. 9. Self comparison dot matrix profile of the predicted paranemin protein 
sequence. The homology scoring using the GCG programs COMPARE and DOTPLOT, 
based on the method of Pearson and Lipman (1988), was plotted with a window of 21 
residues, stringency of 14.0, and with a total of 59,127 points. A major block of repeating 
sequences is located approximately in the middle of the molecule (also see bold sequence in 
Fig. 7) and other minor blocks of repeating sequences are seen. 
152 
OVERALL SUMMARY 
The major objectives of the work presented here were to purify, characterize, and clone 
and sequence muscle paranemin. Gel-purified paranemin was injected to immunize 
BAL6/C mice for the production of monoclonal antibodies to paranemin. A specific 
monoclonal antibody to paranemin, 4D3, was used to identify paranemin by one- and two-
dimensional Western blotting throughout the purification scheme. In the first and second 
papers in this dissertation, the biochemical purification of paranemin was done for the first 
time. Embryonic chick skeletal muscle was homogenized in a buffer containing 130 mM 
KCl, pH 7.5, at 4°C, and the homogenate was centrifiiged for 90 min at 145,000 g. The 
high speed supernatant was used for successive chromatographic steps, first on gel 
filtration in 100 mM NaCl-containing solution, pH 7.5, and then on hydroxyapatite and 
DEAE-cellulose in buffers containing 6 M urea, pH 7.5. Purified paranemin was routinely 
more than 95% 280,000-dalton protein, by SDS-PAGE and Coomassie blue staining, with 
no detectable contamination by other proteins. Relatively small amounts of paranemin (~2 
mg) can be isolated in sufficient quantities to permit further studies on its properties and 
fimction. 
Purified paranemin was stained with Stains-all and gave an intense blue color, which 
indicated that it is a phosphoprotein and/or glycoprotein. Periodic acid treatment of 
paranemin, followed by biotinylation of oxidized carbohydrate and streptavidin-alkaline 
phosphatase detection, was used to determine that paranemin is a glycoprotein. In support 
of this result, a strong glycosylation site is predicted in the deduced amino acid sequence of 
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paianemin, which is described in the third paper. Two-dimensional gel analysis revealed 
purified paranemin had 3-4 major isovariants, with pi's between 4.1-4.5. The amino acid 
analysis of purified paranemin showed a high ratio of acidic to basic amino acids, which is 
consistent with paranemin's pi. 
Immunofluorescence localization of paranemin in the first and second papers, using the 
monoclonal antibody 4D3, revealed labeling at Z-lines in avian and porcine species in both 
adult chicken cardiac and skeletal muscle myofibrils. Confocal double-label 
immunofluorescence microscopy of frozen tissue sections showed colocalization of 
paranemin with desmin at the Z-lines of adult cardiac and skeletal muscle cells and at the 
intercalated disks of adult cardiac muscle. 
We determined the cDNA sequence of paranemin by first immunoscreening a ?igt22 
cDNA library from 14 day-old embryonic chick skeletal muscle with a monoclonal 
antibody specific for paranemin (4D3) and by hybridization screening in the third paper of 
this dissertation. The molecular cloning and nucleotide sequence of paranemin is reported 
for the first time. Northern blot analysis revealed a single transcript of 5.3 kb, which is 
much smaller than predicted from the size of paranemin (280 kDa) by SDS-PAGE. 
Monoclonal antibodies, 4D3 and 4C7, were used to verify the identity of the paranemin 
cDNA sequence by immunoblotting proteins contained in plaques of clone 9. We also 
confirmed the identity of the paranemin sequence by amino acid sequencing of a 
polypeptide isolated from paranemin, by Western blotting of a P-galactosidase-paranemin 
fusion protein, and by comparison of the predicted amino acid composition with that 
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measured on purified paranemin. Paranemin contains a conserved IF rod domain (308 
amino acids), which is 63.3% identical in amino acid sequence to the rod domain of frog 
tanabin and 45.5% identical to the rod domain of human nestin. The reported partial 
sequences of two proteins, namely EAP-300 and IFAPa-400, are almost identical to 
regions of the cDNA sequence of paranemin. Because of this identity, paranemin may 
fulfill some or all of the functions previously ascribed to these proteins; however, 
differential types and degrees of post-translational modification in other cells may lead to 
some differences in precise function(s). In view of its sequence homology to tanabin and 
nestin, which are often classified as class VI proteins, paranemin should be considered a 
member of the novel type VI IF protein family. 
Paranemin may play a very important role in modulating IF function in developing 
neurons and in developing and mature cardiac and skeletal muscle cells. The rod domain of 
paranemin probably binds to other IFs via their rod domains, and the large tail domain of 
paranemin may extend from the surface of the IFs and bind to integral Z-line proteins or to 
cell-matrix adhesion plaque proteins at the cell membrane. The multiple leucine zipper-like 
repeat motifs in the tail of paranemin also may be important in regulating transcription or 
binding to other cytoskeletal proteins. The results obtained in my dissertation provide a 
solid foundation for future studies designed to determine paranemin's precise cellular 
role(s). 
155 
BIBLIOGRAPHY 
Abe, H. and Obinata, T. (1989) An actin-depolymerizing protein in embryonic chicken 
skeletal muscle: purification and characterization. J. Biochem. 106, 172-180. 
Abe, H., Ohshima, S. and Obinata, T. (1989) A cofilin-like protein is involved in the 
regulation of actin assembly in developing skeletal muscle. J. Biochem. 106, 696-702. 
Aebi, U., Cohn, J., Buhle, L. and Gerace, L. (1986) The nuclear lamina is a meshwork of 
intermediate-type filaments. Nature 323, 560-564. 
Altshul, S.F., Gish, W., Miller, W., Myers, E.W. and Lipman, D.J. (1990) Basic local 
alignment search tool. J. Mol. Biol. 215, 403-410. 
Astbury, W.T. and Street, A. (1931) X-ray studies of the structure of hair, wool, and 
relat^ fibres. Phil. Trans. R. Soc. London Ser. A 230, 75-101. 
Aviv, H. and Leder, P. (1972) Purification of biologically active globin messenger RNA 
by chromatography on oligothymidylic acid-cellulose. Proc. Natl. Acad. Sci. U.S.A. 
69, 1408-1412. 
Ball, E.H. and Kovala, T. (1988) Mapping of caldesmon: relationship between the high 
and low molecular weight forms. Biochemistry 27, 6093-6098. 
Bayer, E.A., Ben-Hur, H. and Wilchek, M. (1990) Analysis of proteins and glycoproteins 
on blots. Meth. Enzymol. 184, 415-429. 
Becker, B., Bellin, R.B., Semett, S.W., Huiatt, T.W. and Robson, R.M. (1995) Synemin 
contains the rod domain of intermediate filaments. Biochem. Biophys. Res. Comm. 
213, 796-802. 
Bennett, G.S., Fellini, S.A. and Holtzer, H. (1978) Immunofluorescence visualization of 
100 A filaments in different cultured chick embryo cell types. Differentiation 12, 71-
82. 
Blackwood, E.M. and Eisenman, R.N. (1991) Max: a helix-loop-helix zipper protein that 
forms a sequence-specific DNA-binding complex with Myc. Science 251, 1211-1217. 
Blanchard, A., Ohanian, V. and Critchley, D (1989) The structure and fiinction of alpha-
actinin. J. MuscleRes.CellMotil. 10, 280-289, 
156 
Bradford, M. (1976) A rapid and sensitive method for the quantitation of microgram 
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 
248-254. 
Braun, T. Rudnicki, M.A., Arnold, H-H. and Jaenisch, R. (1992) Targeted inactivation 
of the muscle regulatory gene myf-5 results in abnormal rib development and perinatal 
death. Cellll, 369-382. 
Breclder, J. and Lazarides, E. (1982) Isolation of a new high molecular weight protein 
associated with desmin and vimentin filaments from avian embryonic skelet^ 
muscle. J. Cell Biol. 92, 795-806. 
Brindle, P.K. and Montminy, M.R. (1992) The CREB family of transcription activators. 
Curr. Opin. Genet. Dev. 2, 199-204. 
Brunkener, M. and Georgatos, S.D. (1992) Membrane-binding properties of filensin, a 
cytoskeletal protein of the lens fiber cells. J. Cell Sci. 103, 709-718. 
Bryan, J. (1989a) Smooth muscle thin filaments. Caldesmon, acidic amino acids and 
molecular weight determinations. J. Muscle Res. Cell Motil. 10, 95-96. 
Bryan, J. (1989b) Cloning and expression of a smooth muscle caldesmon. J. Biol. Cham. 
264, 13873-13879. 
Burg, M.A. and Cole, G.J. (1994) Claustrin, an antiadhesive neural keratin sulfate 
proteoglycan, is structurally related to MAPIB. J. Neurobiol. 25, 1-22. 
Bumette, W. N. (1981) "Western blotting": electrophoretic transfer of proteins from 
sodium dodecyl sulfate-polyacrylamide gels to unmodified nitrocellulose and 
radiographic detection with antibody and radioiodinated protein A. Anal. Biochem. 
112, 195-203. 
Casella, J.F., Craig, S.W., Maack, D.J. and Brown, A.E. (1987) Cap Z(36/32), a barbed 
end actin-capping protein, is a component of the Z-line of skeletal muscle. J. Cell Biol. 
105, 371-379. 
Casella, J.F., Maack, D.J. and Lin, S. (1986) Purification and initial characterization of a 
protein from skeletal muscle that caps the barbed ends of actin filaments. J. Biol 
Chem. 261, 10915-10921. 
Chabot, P. and Vincent, M. (1990) Transient expression of an intermediate filament-
associated protein (IFAPa-400) during in vivo and in vitro differentiation of chick 
embryonic ceUs derived from neuroectoderm. Dev. Brain Res. 54, 195-204. 
157 
Chamas, L.R., Szaro, B.G. and Gainer, H. (1992) Identification and developmental 
expression of a novel low molecular weight neuronal intermediate filament protein 
expressed in Xenopus laevis. J. Neurosci. 12, 3010-3024. 
Chen, M-J., Shih, C-L. and Wang, K. (1993) Nebulin as an actin-zipper. A two-module 
nebulin fragment promotes actin nucleation and stabilizes actin filaments. J. Biol. 
Chem. 268, 20327-20334. 
Ching, G.Y. and Liem, R.K. (1993) Assembly of type IV neuronal intermediate filaments 
in nonneuronal cells in the absence of preexisting cytoplasmic intermediate filaments. 
J. Cell Biol 122, 1323-1335. 
Chou, P.Y. and Fasman, G.D. (1978) Prediction of the secondary structure of proteins 
from their amino acid sequence. Adv. Enzymol. 47, 45-148. 
Chou, R-G., Stromer, M.H., Robson, R.M. and Huiatt, T.W. (1994) Substructure of 
cytoplasmic dense bodies and changes in distribution of desmin and a-actinin in 
developing smooth muscle cells. Cell Modi. Cytoskeleton 29, 204-214. 
Cohen, D.R. and Curran, T. (1990) Analysis of dimerization and DNA binding functions 
in Fos and Jun by domain-swapping: involvement of residues outside the leucine 
zipper/basic region. Oncogene 5, 929-939. 
Cole, G.J., Bond, R. and Glaser, L. (1986) Monoclonal antibodies specific for ganglion 
cells in the embryonic chicken neural retina. Dev. Brain Res. 26, 133-143. 
Cossette, L.J. and Vincent, M. (1991) Expression of a developmentally regulated cross-
linking intermediate filament-associated protein CIFAPa-400) during the replacement 
of vimentin for desmin in muscle cell differentiation. J. Cell Sci. 98, 251-260. 
Craig, R. (1994) The structure of the contractile filaments. In: Myology, Basic and 
Clinical, 2nd Ed., Vol. 1, pp. 134-159, McGraw-Hill, Inc., New York. 
Crick, F.H.C. (1953) The packing of a-helices: simple coiled coils. Acta Cryst. 6, 689-
697. 
Cutting, J.A. (1984) Gel protein stains: phosphoproteins. Meth. Enzymol. 104, 451-455. 
Dahlstrand, J., Zimmerman, L.B., McKay, R.D.G. and Lendahl. U. (1992) 
Characterization of the human nestin gene reveals a close evolutionary relationship to 
neurofilaments. J. Cell Sci. 103, 589-597. 
158 
Darnell, J.E., Lodish, H., Baltimore, D., Berk, A., Zipursky, S.L. and Matsudaira, P. 
(1995) In: Molecular CeU Biology, 3rd Ed., pp. 556-561, 991-1047, 1106-1116, W.H. 
Freeman and Co., New York. 
Davis L.G., Dibner, M.D., and Battey, J.F. (1986) Formaldehyde gel for electrophoretic 
separation of RNA and Northern blot. In: Methods in Molecular Biology, pp. 143-146, 
Elsevier Science Publishing, New York. 
Dayhoff, M.O. and Eck, R.V. (1968) Atlas of Protein Sequence and Structure, National 
Biomedical Research Foundation, Silver Spring, MD. 
Dayton, W.R., Goll, D.E., Zeece, M.G., Robson, R.M. and Reville, W.J. (1976) A Ca^"^ 
-activated protease possible involved in myofibrillar protein turnover. Partial 
characterization of purified enzyme. Biochemistry 15, 2150-2158. 
Devereux, J., Haekerli, P. and Smithies, O. (1984) A comprehensive set of sequence 
analysis programs for the VAX. Nucl. Acid Res. 12, 387-395. 
Dodemont H., Reimer, D. and Weber K. (1990) Structure of an invertebrate gene 
encoding cytoplasmic intermediate filament (IF) proteins: Implications for the origin 
and the diversification of IF proteins. EMBO J. 9, 4083-4094. 
Ebashi, S. and Ebashi, F. (1965) Alpha-actinin, a new structural protein from striated 
muscle. I. Prq)aration and action on actomyosin ATP interaction. J. Biochem. 58, 7-
12. 
Ebashi, S. and Endo, M. (1968) Calcium ion and muscle contraction. Prog. Biophys. Mol. 
Biol. 18, 123-183. 
Edmondson, D.G. and Olson, E.N. (1993) Helix-loop-helix proteins as regulators of 
muscle-specific transcription. 7. Biol. Chem. 268, 755-758. 
EUenberger, T.E., Brandl, C.J., Struhl, K. and Harrison, S.C. (1992) The GCN4 basic 
region leucine apper binds DNA as a dimer of uninterrupted a helices; crystal of the 
protein-DNA complex. Cell 71, 1223-1237. 
Endo, T. and Masaki, T. (1984) Differential expression and distribution of chicken 
skeletal- and smooth-muscle-type alpha-actinins during myogenesis in culture. J. Cell 
Biol. 99, 2322-2332. 
Feinburg, A.P. and Vogelstein, B. (1983) A technique for radiolabeling DNA restriction 
endonuclease fragments to high specific activity. Anal. Biochem. 132, 6-13. 
159 
Fietz, M.J., McLaughlan, C.J., Campbell, M.T. and Rogers, G.E. (1993) Analysis of the 
sheep trichohyalin gene: potential structural and calcium-binding roles of trichohyalin 
in the hair folUcle. J. Cell Biol 121, 855-865. 
Fischman, D.A. (1986). Myology, Vol. 1 (A.G. Engel and B.Q. Banker, eds,), pp. 5-37, 
Academic Press, New York. 
Fisher, D.Z., Chaudhary, N. and Blobel, G. (1986) cDNA sequencing of nuclear lamins A 
and C reveals primary and secondary structural homology to intermediate lament 
proteins. Proc. Natl. Acad. Sci. U.S.A. 83, 6450-6454. 
Fliegner, K.H., Ching G.Y. and Liem R.K.H. (1990) The predicted amino acid sequence 
of a-intemexin is that of a novel neuronal intermediate filament protein. EMBO J. 9, 
749-755. 
Foisner, R., Malecz, N., Dressel, N., Stadler, C. and Wiche, G. (1996) M-phase-specific 
phosphorylation and structural rearrangement of the cytoplasmic cross-linking protein 
plectin involve p34°''®^ kinase. Mol. Biol. Cell 7, 273-288. 
Foisner, R. and Wiche, G. (1991) Intermediate filament-associated proteins. Curr. Opin. 
Cell Biol. 3, 75-81. 
Fowler, V.M., Sussmann, M.A., Miller, P.G., Flucher, B.E. and Daniels, M.P. (1993) 
Tropomodulin is associated with the free (pointed) ends of the thin filaments in rat 
skeletal muscle. J. Cell Biol. 120, 411-420. 
Franke, W.W. (1987) Nuclear lamins and cytoplasmic intermediate filament proteins: A 
growing multigene family. Cell 48, 3-4. 
Frederiksen, K. and McKay, R. (1988) Proliferation and differentiation of neuroepithelial 
stem cells. J. Neurosci. 8, 1144-1151. 
Frohman, M.A., Dush, M.K. and Martin, G.R. (1988) Rapid production of full-length 
cDNAs from rare transcripts: amplification using a single gene-specific oligonucleotide 
primer. Proc. Natl. Acad. Sci. U.S.A. 5, 8998-9002. 
Fuchs, E. and Green, H. (1980) Changes in keratin gene expression during terminal 
differentiation of the keratinocyte. Cell 19, 1033-1042. 
Fuchs, E. and Weber, K. (1994) Intermediate filaments: Structure, dynamics, function, 
and disease. Amu. Rev. Biochem. 63, 345-382. 
160 
Fujii, T., Imai, M., Rosenfeld, G.C., and Bryan, J. (1987) Domain mapping of chicken 
gizzard caldesmon. J. Biol. Chem. 262, 2757-2763. 
Furst, D.O., Osbom, M., Nave, R. and Weber, K. (1988) The organization of titin 
filaments in the half-sarcomere revealed by monoclonal antibodies in immunoelectron 
microscopy: a map of ten nonrepetitive epitopes starting at the Z-line extends close to 
theM-line.7. Cell Biol 106, 1563-1572. 
Card, D.L. and Lazarides, E. (1980) The synthesis and distribution of desmin and 
vimentin during myogenesis in vitro. Cell 19, 263-275. 
Gamier, J., Osguthoipe, D.J. and Robson, B. (1978) Analysis of the accuracy and 
implications of simple methods for predicting the secondary structure of globular 
proteins. 7. Mol. Biol. 120, 97-120. 
Garrell, J. and Campuzano, S. (1991) The helix-loop-helix domain: a common motif for 
bristies, muscles and sex. Bioessays 13, 493-498. 
Geisler, N. and Weber, K. (1982) The amino acid sequence of chicken muscle desmin 
provides a common structural model for intermediate filament proteins. Cell 33, 915-
924. 
Geisler, N., Plessmann, U. and Weber, K. (1982) Related amino acid sequences in 
neurofilaments and non-neural intermediate filaments. Nature 296, 448-450. 
Glasgow, E., Druger, R.K., Fuchs, C., Lane, W.S. and Schechter, N. (1994) Molecular 
cloning of gefiltin (ONI): serial expression of two new neurofilament mRNAs during 
optic nerve regeneration. EMBOJ. 13, 297-305. 
Glasgow, E., Druger, R.K., Levine, E.M., Fuchs, C. and Schechter, N. (1992) Plasticin, 
a novel type in neurofilament protein from goldfish retina: increased expression during 
optic nerve regeneration. Neuron 9, 373-381. 
Glasgow, E., Hall, C.M. and Schechter, N. (1994) Organization, sequence, and 
expression of a gene encoding goldfish neurofilament medium protein. J. Neurochem. 
63, 52-61. 
Glass, J.R. and Gerace, L. (1990) Lamins A and C bind and assemble at the surface of 
mitotic chromosomes. J. Cell Biol. Ill, 1047-1057. 
Goldspink, G. (1970) The proliferation of myofibrils during muscle fibre growth. J. Cell 
Sci. 6, 593-603. 
161 
GoU, D.E., Dayton, W.R., Singh, I. and Robson, R.M. (1991) Studies of the a-
actinin/actin interaction in the Z-disk by using calpain. J. Biol. Chem. 266, 8501-8510. 
Goll, D.E., Robson, R.M. and Stromer, M.H. (1984) Skeletal muscle. In: Duke's 
Physiology of Domestic Animals, KHhEd. ^.J. Swenson, ed.), pp. 548-580, Cornell 
University Press, Ithaca, NY. 
Goll, D.E., Stromer, M.H., Robson, R.M., Luke, B.M. and Hammond, K.S. (1977) 
Extraction, purification, and localization of a-actinin from asynchronous insect flight 
muscle. In: Insect Flight Muscle (R.T. Tregear, ed.), pp. 15-40, Elsevier/North-
Holland Inc., New York. 
Goodson, H.V. and Spudich, J.A. (1993) Molecular evolution of the myosin family; 
relationships derived from comparisons of amino acid sequences. Proc. Natl. Acad. 
Sci. U.S.A. 90, 659-663. 
Goulielmos, G., Gounari, F., Remington, S., Muller, S., Haner, M., Aebi, U. and 
Georgatos, S.D. (1996) Filensin and phakinin form a novel type of beaded intermediate 
filaments and coassemble de novo in cultured cells. J. Cell Biol. 132, 643-655. 
Gounari, F., Merdes, A., Quinlan, R., Hess, J., FitzGerald, P.G., Ouzounis, C.A. and 
Georgatos, S.D.(1993) Bovine filensin possesses primary and secondary structure 
similarity to intermediate filament proteins. J. Cell Biol. 121, 847-853. 
Graceffa, P., Wang, C-L.A. and Stafford, W.F. (1988) Molecular weight and subunit 
composition by analytical ultracentrifiigation. J. Biol. Chem. 263, 14196-14202. 
Granger B.L. and Lazarides, E. (1978) The existence of an insoluble Z disc scaffold in 
chicken skeletal muscle. Cell 15,1253-1268. 
Granger, B.L. and Lazarides, E. (1980) Synemin: a new high molecular weight protein 
associated with desmin and vimentin filaments in muscle. Cell 22, 727-738. 
Gravel, P., Olivier, G., Claude, W., Hochstrasser, D.F. and Turler, H. (1994) Analysis 
of glycoproteins separated by two-dimensional gel electrophoresis using lectin blotting 
revealed by chemiluminescence. Anal. Biochem. 221, 66-71. 
Green, K.J., Parry, D,A.D., Steinert, P.M., Virata, M.L.A., Wagner, R.M., Angst, 
B.D. and Nilles, L.A. (1990) Structure of the human desmoplakins. Implications for 
function in the desmosomal plaque. J. Biol. Chem. 265, 2603-2612. 
162 
Green, M.R. and Pastewka, J.V. (1974) Simultaneous differential staining by a cationic 
carbocyanine dye of nucleic acids, proteins and conjugated proteins, n. Carbohydrate 
and sulfated ca^ohydrate-containing proteins. J. Histochem. Cytochem. 22, 774-781. 
Green, M.R., Pastewka, J.V. and Peacock, A.C. (1973) Differential staining of 
phosphoproteins on polyacrylamide gels with a cationic carbocyanin dye. Anal. 
Biochem. 56, 43-51. 
Grove, B.K., Kurer, V., Lehner, T.C., Doetschman, Perriard, J-C. and Eppenberger, 
H.M. (1984) A new 18S,000-dalton skeletal muscle protein detected by monoclonal 
antibodies. J. Cell Biol. 98, 518-524. 
Hall, Z.W. and Ralston, E. (1989) Nuclear domains in muscle cells. Cell 59, 771-772. 
Han, J.H., Stratowa, C. and Rutter, W.J. (1987) Isolation of full-length putative rat 
lysophospholipase cDNA using improved methods for mRNA isolation and cDNA 
cloning. Biochemistry 26, 1617-1625. 
Hanukoglu, I. and Fuchs, E. (1982) The cDNA sequence of a human epidermal keratin: 
divergence of sequence but conservation of structure among interm^iate filament 
proteins. Cell 31, 243-252 
Hanukoglu, I. and Fuchs, E. (1983) The cDNA sequence of a Type II cytoskeletal keratin 
reveals constant and variable structural domains among keratins. Cell 33, 915-924. 
Hasty, P., Bradley, Morris, J.H., Edmondson, D.G., Venuti, J.M., Olsen, E.N. and 
Klein, W.H. (1993) Muscle deficiency and neonatal death in mice with a targeted 
mutation in the myogenin gene. Nature 364, 501-506. 
Hatzfeld, M. and Franke, W.W. (1985) Pair formation and promiscuity of cytokeratins: 
formation in vitro of heterotypic complexes and intermediate-sized filaments by 
homologous and heterologous recombinations of purified polypeptides. J. Cell Biol. 
101, 1826-1841. 
Hatzfeld, M., Maier, G. and Franke, W.W. (1987) Cytokeratin domains involved in 
hetero^ic complex formation determined by in-vitro binding assays. J. Mol. Biol. 
197, 237-255. 
Hayward, L.J. and Schwartz, R.J. (1986) Sequential expression of chicken actin genes 
during myogenesis. J. Cell Biol. 102, 1485-1493. 
Heins, S. and Aebi, U. (1994) Making heads and tails of intermediate filament assembly, 
dynamics and networks. Curr. Opin. Cell Biol. 6, 25-33. 
163 
Heins, S., Wong, P.C., Muller, S., Goldie, K., Cleveland, D.W. and Aebi, U. (1993) 
The rod domain of NF-L determines neurofilament architecture, whereas the end 
domains specify filament assembly and network formation. 7. Cell Biol. 123, 1517-
1533. 
Hemken, P.M., Becker, B., Bellin, R.M., Huiatt, T.W. and Robson, R.M. (1996c) 
Molecular cloning and nucleotide sequence of paranemin, a novel type VI intermediate 
filament protein. Sequence reveals EAP-300 and IFAPa-400 are highly homologous, if 
not identical, to paranemin. (A paper to be submitted to J. Biol. Chem.) 
Hemken, P.M., Guo, X-L., Wang, Z-Q., Zhang, K., and Gluck, S. (1992) Immunologic 
evidence that vacuolar H'^ATPases with heterogeneous forms of Mr = 31,0(X) subunit 
have different membrane distributions in mammalian kidney. J. Biol. Chem. 267, 
9948-9957. 
Hemken, P.M., Robson, R.M., Semett, S.W., Huiatt, T.W. and Stromer, M.H. (1996a) 
Paranemin is a glycoprotein localized at Z-lines of adult cardiac and skeletal muscle. 
(A paper to be submitted to Biochem. Biophys. Res. Comm.) 
Hemken, P.M., Robson, R.M., and Stromer, M.H. (1994) Purification and selected 
characterization of muscle paranemin, an intermediate filament-associated protein. Mol. 
Biol. Cell. 5, 299a. 
Hemken, P.M., Robson, R.M., and Stromer, M.H. (1996b) Purification of the 
intermediate filament family protein, paranemin, from embryonic avian skeletal 
muscle. (A paper to be submitted to Biochem. J.) 
Hemmati-Brivanlou, A., Mann, R. W. and Harland, R.M. (1992) A protein expressed in 
the growth cones of embryonic vertebrate neurons defines a new class of intermediate 
filament protein. Neuron 9, 417-428. 
Herman, I.M. (1993) Actin isoforms. Curr. Opin. Cell Biol. 5, 48-55. 
Herrmann, H. and Wiche, G. (1987) Plectin and IFAP-300K are homologous proteins 
binding to microtubule-associated proteins 1 and 2 and to the 240-kilodalton subunit of 
spectrin. J. Biol. Chem. 262, 1320-1325. 
Hitchcock-DeGregori, S.E. and Vamell, T. A. (1990) Tropomyosin has discrete actin-
binding sites with sevenfold and fourteenfold periodicities. J. Mol. Biol. 214, 885-896. 
Hockfield, S. and McKay (1985) Identification of major cell classes in the developing 
mammalian nervous system. J. Neurosci. 5, 3310-3329. 
164 
Holmes, K.C., Popp, D., Gebhard, W. and Kabsch, W. (1990) Atomic model of the 
actin filament. Nature 347, 44-49. 
Hughes, S.M. (1992) Running without regulators. Nature 360, 536-537. 
Hughes, S.M. (1993) Running out of control. Nature 364, 485. 
Huiatt, T.W., Robson, R.M., Arakawa, N. and Stromer, M.H. (1980) Desmin from 
avian smooth muscle. Purification and partial characterization. J. Biol. Chem. 255, 
6981-6989. 
Huxley, A.F. and Niedergerke, R. (1954) Structural changes in muscle during contraction: 
interference microscopy of living muscle fibres. Nature 173, 971-973. 
Huxley, H.E. (1953) Electron microscope studies of the organization of the filaments in 
striated muscle. Biochim. Biophys. Acta. 12, 387-394. 
Huxley, H.E. (1957) The double array of filaments in cross-striated muscle. J. Biophys. 
Biochem. Cytol. 3, 631-648. 
Huxley, H.E. (1963) Electron microscope studies on the structure of natural and synthetic 
protein filaments from striated muscle. J. Mol. Biol. 7, 281-308. 
Huxley, H.E. (1972) Molecular basis of contraction in cross-striated muscle, In: Structure 
and Function of Muscle, 2nd ed. Vol. I (G.H. Bourne, ed.), pp. 301-387, Academic 
Press, New York. 
Huxley, H.E. and Hanson, J. (1954) Changes in the cross-striations of muscle during 
contraction and stretch and their structural interpretation. Nature 173, 973-976. 
Huynh, T.V., Young, R.A., and Davis, R.W. (1985) Generation of a A,gtll recombinant 
lysogen in Y1089. In: DNA Cloning-Volume 1, A Practical Approach (D.M. Glover, 
ed.), pp. 76-78, IRL Press Limited Oxford, U.K. 
Ip, W., Hartzer, M.K., Pang, Y.Y. and Robson, R.M. (1985a) Assembly of vimentin in 
vitro and its implications concerning the structure of intermediate filaments. J. Mol. 
Biol 183, 365-375. 
Ip, W., Heuser, J.E., Pang, Y.Y., Hartzer, M.K. and Robson, R.M. (1985b) Subunit 
structure of desmin and vimentin protofilaments and how they assemble into 
intermediate filaments. Ann. N.Y. Acad. Sci. 455, 185-199. 
165 
Isaacs, W.B. and Fulton, A.B. (1987) Cotranslational assembly of myosin heavy chain in 
developing cultured skeletal muscle. Proc. Natl. Acad. Sci. U.S.A. 84, 6174-6178. 
Ishikawa, H., Bischoff, R. and Holtzer, H. (1968) Mitosis and intermediate-sized 
iilaments in developing skeletal muscle. J. Cell Biol. 38, 538-555. 
Jin, J-P. and Wang, K. (1991) Cloning, expression, and protein interaction of human 
nebulin fragments composed of varying numbers of sequence modules. J. Biol. Chem. 
266, 21215-21223. 
Jockusch, H. and Jockusch, B.M. (1980) Structural organization of the Z-line protein, 
alpha-actinin, in developing skeletal muscle cells. Dev. Biol. 75, 231-238. 
Jones, N. (1990) Transcriptional regulation by dimerization: two sides to an incestuous 
relationship. Cell 61, 9-11. 
Kabsch, W. (1990) Atomic model of the actin filament. Nature 347, 44-49. 
Kabsch, W., Mannhertz, H.G., Suck, D., Pai, E.F. and Holmes, K.C. (1990) Atomic 
structure of the actin:DNase I complex. Nature 347, 37-44. 
Kachinsky, A.M., Dominov, J.A. and Miller, J.B. (1994) Myogenesis and the 
intermediate filament protein, nestin. Dev. Biol. 165, 216-228. 
Kachinsky, A.M., Dominov, J.A. and Miller, J.B. (1995) Intermediate filaments in 
cardiac myogenesis: nestin in the developing heart. J. Histochem. Cytochem. 43, 843-
847. 
Kadesch, T. (1992) Helix-loop-helix proteins in the regulation of immunoglobulin gene 
transcription. Immunol. Today 13, 31-36. 
Kawashima, M., Nebeshima, Y., Obinata, T. and Kuriyama, Y.F. (1987) A common 
myosin light chain is expressed in chicken embryonic skeletal, cardiac, and smooth 
muscles and in brain continuously from embryo to adult. J.Biol. Chem. 262, 4408-
14414. 
Kelly, M.M,, Phanhthoutath, C., Brees, D,K., McCabe, C.F. and Cole, G.J. (1995) 
Molecular characterization of EAP-300: a high molecular weight, embryonic 
polypeptide containing an amino acid repeat comprised of multiple leucine-zipper 
motifs. Dev. Brain Res. 85, 31-47. 
Kerppola, T.K. and Curran, T. (1991) DNA bending by Fos and Jun: the flexible hinge 
model. Science 254, 1210-1214. 
166 
King, L.E. and Morrison, M. (1976) The visualization of human erythrocyte membrane 
proteins and glycoproteins in SDS polyacrylamide gels employing a single staining 
procedure. Anal. Biochem. 71, 223-230. 
Klymkowsky, M.W. (1995) Intermediate filaments: new proteins, some answers, more 
questions. Curr. Opin. Cell Biol. 7, 46-54. 
Kyte, J., and Doolittle, R.F. (1982) A simple method for displaying the hydropathic 
character of a protein. J. Mol. Biol. 157, 105-132. 
Labeit, S. and Kolmerer, B. (1995a) Titins: giant proteins in charge of muscle 
ultrastructure and elasticity. Science 270, 293-296. 
Labeit, S. and Kolmerer, B. (1995b) The complete primary structure of human nebulin 
and its correlation to muscle structure. J. Mol. Biol. 248, 308-315. 
Labeit, S., Gibson, T., Lakey, A., Leonard, K., Zevani, M., Knight, P., Wardale, J. and 
Trinick, J. (1991) Evidence that nebulin is a protein-ruler in muscle thin filaments. 
FEBSLett. 282, 313-316. 
Laemmli, U.K. (1970) Cleavage of structural proteins during the assembly of the head of 
bacteriophage T4. Nature 227, 680-685. 
Lamb, P. and McKnight, S.L. (1991) Diversity and specificity in transcriptional 
regulation: the benefits of heterotypic dimerization. Trends Biochem. Sci. 16, 417-422. 
Landschulz, W.H., Johnson, P.F. and McKnight, S.L. (1988) The leucine zipper: 
hypothetical structure common to a new class of DNA binding proteins. Science 240, 
1759-1764. 
Landschulz, W.H., Johnson, P.F. and McKnight, S.L. (1989) The DNA binding domain 
of the rat liver nuclear protein C/EBP is bipartite. Science 243, 1681-1688. 
Lawrence, J.B. and Singer, R.H. (1986) Intracellular localization of messenger RNAs for 
cytoskeletal proteins. Cell 45, 407-415. 
Lazarides, E. (1980) Intermediate filaments as mechanical integrators of cellular space. 
Nature 283, 249-256. 
Lazarides, E. (1982) Intermediate filaments: a chemically heterogeneous, developmentally 
regulated class of proteins. Annu. Rev. Biochem. 51, 219-250. 
167 
Lee, M.K., Xu, Z., Wong, P.C. and Cleveland, D.W. (1993) Neurofilaments are obligate 
heteropolymers in vivo, J. Cell Biol. 122, 1337-1350, 
Lee, S-C., Kim, I-G., Marekov, L.N., O'Keefe, E.L, Parry, D.A.D, and Steinert, P.M. 
(1993) The structure of human trichohyalin. Potential multiple roles as a functional EF-
hand-like calcium-binding protein, a comified cell envelope precursor, and an 
intermediate filament-associated (cross-linking) protein. J. Biol. Chem. 268, 12164-
12174. 
Lees, J.F., Shneidman, P.S., Skuntz, S.F,, Garden, M.J. and Lazzarini, R.A. (1988) The 
structure and organization of the human heavy neurofilament subunit 0<IF-H) and the 
gene encoding it. EMBO J. 7, 1947-1955. 
Lehner, C.F., Stick, R., Eppenberger, H.M. and Nigg, E.A. (1987) Differential 
expression of nuclear lamin proteins during chicken development. J. Cell Biol. 105, 
577-587. 
Lendahl, U., Zimmerman, L.B. and McKay, R.D.G. (1990) CNS stem cells express a 
new class of intermediate filament proteins. Cell 60, 585-595, 
Levy, E., Liem, R.K., D'Eustachio, P. and Cowan, N.J. (1987) Structure and 
evolutionary origin of the gene encoding mouse NF-M, the middle-molecular-mass 
neurofilament protein. Eur. J. Biochem. 166, 71-77, 
Lewis, S.A. and Cowan, N.J. (1985) Genetics, evolution, and expression of the 68,000-
mol-wt neurofilament protein: isolation of a cloned cDNA probe. J. Cell Biol. 100, 
843-850. 
Light, N. and Champion, A.E. (1984) Characterization of muscle epimysium, perimysium 
and endomysium collagens. Biochem. J. 219, 1017-1026. 
Loewinger, L. and McKeon, F. (1988) Mutations in the nuclear lamin proteins resulting in 
their aberrant assembly in the cytoplasm. EMBO J. 7, 2301-2309. 
Long, C. (1961) Biochemists Handbook, D. Van Nostrand Company, Inc., Princeton, NJ. 
Lytton, J. and MacLennan, D.H. (1992) Sarcoplasmic reticulum. In: The Heart and 
Cardiovascular System, 2nd Ed., Vol. 2 (H.A. Fozzard et al, eds.), pp. 1203-1222, 
Raven Press, Ltd., New York. 
Maizel, Jr., J.V. and Lenk, R.P. (1981) Enhanced graphic matrix analysis of nucleic acid 
and protein sequences. Proc. Natl. Acad. Sci. U.S.A. 78, 7665-7669. 
168 
Marchuk, D., McCrohon, S. and Fuchs, E. (1985) Complete sequence of a gene encoding 
a human type I keratin: sequences homologous to enhancer elements in the regulatory 
region of the gene. Proc. Natl. Acad. ScL V.S.A. 82, 1609-1613. 
Markova, N.G., Marekov, L.N., Chipev, C.C., Gan, S.Q., Idler, W.W. and Steinert, 
P.M. (1993) Profilaggrin is a major epidermal calcium-binding protein. Mol. Cell 
Biol. 13, 613-625. 
Marston, S. and Smith, C.W. (1985) Thin filaments of smooth muscle. J. Muscle Res. 
CellMotil 6, 669-708. 
Maruyama, K., Kimura, S., Ohashi, K. and Kuwano, Y. (1981) Connectin, an elastic 
protein of muscle. Identification of "titin" with connectin. J. Biochem. 89, 701-709. 
Maruyama, K., Kurokawa, H., Oosawa, M., Shimaoka, S., Yamamoto, H., Ito, M. and 
Maruyama, K. (1990) P-Actinin is equivalent to Cap Z protein. J. Biol. Chem. 265, 
8712-8715. 
Masaki, T., Endo, M. and Ebashi, S (1967) Localization of 6S component of alpha-
actinin at Z-band. J. Biochem. 62, 630-632. 
Matsudaira, P. (1987) Sequence from picomole quantities of proteins electroblotted onto 
polyvinylidene difluoride membranes. J. Biol. Chem. 262, 10035-10038. 
McCabe, C.F. and Cole, G.J. (1992) Expression of the barrier-associated proteins EAP-
300 and claustrin in the developing central nervous system. Dev. Brain Res. 70, 9-24. 
McCabe, C.F., Gourdie, R.G., Thompson, R.P. and Cole G.J. (1995) Developmentally 
regulated neural protein EAP-300 is expressed by myocardium and cardiac neural crest 
during chick embryogenesis. Dev. Dynamics 203, 51-60. 
McCabe, C.F., Thompson, R.P. and Cole, G.J. (1992) Distribution of the novel 
developmentally-regulated protein EAP-300 in the embryonic chick nervous system. 
Dev. Brain Res. 66, 11-23. 
McComb, R.B., Bowers, Jr., G.N. and Posen, S. (1979) Substrates for alkaline 
pho^hatases. In: Alkaline Phosphatase, pp. 239-243, Plenum Press, New York. 
McKeam, T.J., Fitch, F.W., Smilek, D.E., Sarmiento, M. and Stuart, F.P. (1979) 
Properties of rat anti-MHC antibodies produced by clones rat-mouse hybridomas, 
Immunol. Rev. 47, 91-115. 
169 
McKeon, F.D., Kirschner, M.W. and Caput, D. (1986) Homologies in both primary and 
secondary structure between nuclear envelope and intermediate filament proteins. 
Nature 319, 463-468. 
McLachlan, A.D. and Kam, J. (1983) Periodic features in the amino acid sequence of 
nematode myosin rod. J. Mol. Biol. 164, 605-626. 
Meng, J., Khan, S. and Ip, W. (1996) Intermediate filament protein domain interactions as 
revealed by two-hybrid screens. J. Biol. Ckem. 271, 1599-1604. 
Merdes, A., Gounari, F. and Georgatos, S.D. (1993) The 47-kD lens-specific protein 
phakinin is a tailless intermediate filament protein and an assembly partner of filensin. 
J. Cell Biol. 123, 1507-1516. 
Monteiro, M.J. and Cleveland, D.W. (1989) Expression of NF-L and NF-M in fibroblasts 
reveals coassembly of neurofilament and vimentin subunits. J. Cell Biol. 108, 579-593. 
Moore, S. and Stein, W.H. (1963) Chromatographic determination of amino acids by the 
use of automatic recording equipment. Meth. Enzymol. 6, 819-831. 
Myers, M.W., Lazzarini, R.A., Lee, V.M., Schlaepfer, W.W. and Nelson, D.L. (1987) 
The human mid-size neurofilament subunit: a repeated protein sequence and the 
relationship of its gene to the intermediate filament gene family. EMBO J. 6, 1617-
1626. 
Nabeshima, Y., Hanaoka, K., Hayasaka, M., Esumi, E., Li, S., Nonaka, I. and 
Nabeshima, Y-L (1993) Myogenin gene disruption results in perinatal lethality because 
of severe muscle defect. Nature 364, 532-535. 
Napolitano, E.W., Pachter, J.S., Chin, S.S. and Liem, R.K. (1985) beta-Intemexin, a 
ubiquitous intermediate filament-associated protein. 7. Cell. Biol. 101, 1323-1331. 
Nelson, W.G. and Sun, T.T. (1983) The 50- and 58-kdalton keratin classes as molecular 
markers for stratified squamous epithelia: cell culture studies. J. Cell Biol. 97, 244-
251. 
Noguchi, J., Yanagisawa, M., Imamura, M., Kasuya, Y., Sakurai, T., Tanaka, T. and 
Masaki (1992) Complete primary structure and tissue expression of chicken pectoralis 
M-protein. J. Biol. Chem. 267, 20302-20310. 
O'Farrell, P.H. (1975) High resolution two-dimensional electrophoresis of proteins. J. 
Biol Chem. 250, 4007-4021. 
170 
O'Shea, E.K., Klemm, J.D., Kim, P.S. and Alber, T. (1991) X-ray structure of the 
GCN4 leucine zipper, a two-stranded, parallel coiled coil. Science 254, 539-544. 
O'Shea, E.K., Rutkowski, R. and Kim, P.S. (1989) Evidence that the leucine zipper is a 
coiled coil. Science 243, 538-542. 
O'Shea, J.M., Robson, R.M., Hartzer, M.K., Huiatt, T.W., Rathbun, W.E. and Stromer, 
M.H. (1981) Purification of desmin from adult mammalian skeletal muscle. Biochem. 
J. 195, 345-356. 
Obinata, T. (1994) Contractile proteins and myofibrillogenesis. Imem. Rev. Cytol. 143, 
153-189. 
Obinata, T., Shimada, Y. and Matsuda, R. (1979) Troponin in embryonic chick skeletal 
muscle cells in vitro. An immunoelectron microscope study. J. Cell Biol. 81, 59-66. 
Ohshima, S., Abe, H. and Obinata, T. (1989) Isolation of profilin from embryonic chicken 
steletal muscle and evaluation of its interaction with different actin isoforms. J. 
Biochem. 105, 855-857. 
Ohtsuki, I., Maruyama, K. and Ebashi, S. (1986) Regulatory and cytoskeletal proteins of 
vertebrate skeletal muscle. Adv. Protein Chem. 38, 1-67. 
Ohtsuki, I., Onoyama, Y. and Shiraishi, F. (1988) Electron microscopic study of troponin. 
J. Biochem. 103, 913-919. 
Osbom, M., Franke, W. and Weber, K. (1980) Direct demonstration of the presence of 
two immunologically distinct intermediate-sized filament systems in the same cell by 
double immunofluorescence microscopy. Vimentin and cytokeratin fibers in cultured 
epithelial cells. Exp. Cell Res. 125, 37-46. 
Osbom, M. (1983) Intermediate filaments as histologic markers: an overview. J. Invest. 
Dermatol. 81, 104s-109s. 
Pachter, J.S. and Liem, R.K. (1985) alpha-Intemexin, a 66-kD intermediate filament-
binding protein from mammalian central nervous tissues. J. Cell Biol. 101, 1316-1322. 
Page, E. and Fozzard, H.A. (1973) Capacitative, resistive, and syncytial properites of 
heart muscle—ultrastructural and physiological considerations. In: The Structure and 
Function of Muscle, 2nd ed. Vol. n (G.H. Bourne, ed.), pp. 91-151, Academic Press, 
New York. 
171 
Parry, D.A.D. and Steinert, P.M. (1992) Intermediate filament structure. Curr. Opin. 
Cell Biol 4, 94-98. 
Pathak, D. and Sigler, P.B. (1992) Updating structure-function relationships in the bZip 
family of transcription factors. Curr. Opin. Struct. Biol. 2, 116-123. 
Pauling, L. and Corey, R.B. (1953) Compound helical configurations of polypeptide 
chains: structure of proteins of the a-keratin type. Nature 171, 59-61. 
Pavlath, G.K., Rich, K., Webster, S.G. and Blau, H.M. (1989) Localization of muscle 
gene products in nuclear domains. Nature 337, 570-573. 
Pearson, W.R., and Lipman, D. J. (1988) Improved tools for biological sequence 
comparison. Proc. Natl. Acad. Sci. U.S.A. 85, 2444-2448. 
Pepe, F.A. (1967a) The myosin filament. I. Structural organization from antibody staining 
observed in electron microscopy. 7. Mol. Biol. 27, 203-225. 
Pepe, F.A. (1967b) The myosin filament, n. Interaction between myosin and actin 
filaments observed using antibody staining in fluorescent and electron microscopy. J. 
Mol. Biol. 27, 227-236. 
Peter, M., Kitten, G.T., Lenher, C.F.,Vorburger, K., Bailer, S.M., Maridor, G. and 
Nigg, E.A. (1989) Cloning and sequencing of cDNA clones encoding chicken lamins A 
and Bi and comparison of the primary structures of vertebrate A- and B-type lamins. J. 
Mol. Biol. 208, 393-404. 
Portier, M.M., de-Nechaud, B. and Gros, F. (1983) Peripherin, a new member of the 
intermediate filament protein family. Dev. Neurosci. 6, 335-344. 
Presland, R.B., Haydock, P.V., Fleckman, P., Nirunsuksiri, W. and Dale, B.A. (1992) 
Characterization of the human epidermal profilaggrin gene. Genomic organization and 
identification of an S-lOO-like calcium binding domain at the amino terminus. J. Biol. 
Chan. 267, 23772-23781. 
Price, M.G. (1991) Striated muscle endosarcomeric and exosarcomeric lattices. Adv. 
Struct. Biol. 1, 175-207. 
Price, M.G. and Gomer, R.H. (1993) Skelemins; cytoskeletal M-disc periphery protein, 
contains motifs of adhesion/recognition and intermediate filament proteins. J. Biol. 
Chem. 268, 21800-21810. 
172 
Price, M.G. and Lazarides, E. (1983) Expression of intermediate filament-associated 
proteins paranemin and synemin in chicken development. J. Cell Biol. 97, 1860-
1874. 
Pruss, R.M., Mirsld, R. and Raff, M.C. (1981) All classes of intermediate filaments 
share a common antigenic determinant defined by a monoclonal antibody. Cell 27, 
419-428. 
Quax-Jeuken, Y.E., Quax, W.J. and Bloemendal, H. (1983) Primary and secondary 
structure of hamster vimentin predicted from the nucleotide sequence. Proc. Natl. 
Acad. Sci. U.S.A. 80, 3548-3552. 
Quinlan, R., Hutchison, C. and Lane, B. (1994) Intermediate filament proteins. Protein 
Profile 1, 779-782. 
Quinlan, R.A. and Franke, W.W. (1982) Heteropolymer filaments of vimentin and desmin 
in vascular smooth muscle tissue and cultured baby hamster kidney cells demonstrated 
by chemical crosslinking. Proc. Natl. Acad. Sci. U.S.A. 79, 3452-3456. 
Quinlan, R.A., Hatzfeld, M., Franke, W.W., Lustig, A., Schulthess, T. and Engel, J. 
(1986) Characterization of dimer subunits of intermediate filament proteins. J. Mol. 
Biol. 192, 337-349. 
Rayment, I. and Holden, H.M. (1993) Myosin subfragment-l: structure and function of a 
molecular motor. Curr. Opin. Cell Biol. 3, 944-952. 
Rayment, I. and Holden, H.M. (1994) The three-dimensional structure of a molecular 
motor. Trends Biochem. Sci. 19, 129-134. 
Rayment, I., Rypniewski, W.R., Schmidt-Base, K., Smith, R., Tomchick, D.R., 
Benning, M.M., Winkelmann, D.A., Wesenberg, G. and Holden, H.M. (1993a) 
Three- dimensional structure of myosin subfragment-l: a molecular motor. Science 
261, 50-58. 
Rayment, I., Holden, H.M., Whittaker, Yohn, C.B., Lorenz, M., Holmes, K.C. and 
Milligan, R.A. (1993b) Structure of the actin-myosin complex and its implications for 
muscle contraction. Science 261, 58-65. 
Rober, R.A., Weber, K. and Osbom, M. (1989) Differential timing of nuclear lamin A/C 
expression in the various organs of the mouse embryo and the young animal: a 
developmental study. Development 105, 365-378. 
Robson, R.M. (1989) Intermediate filaments. Curr. Opin. Cell Biol. 1, 36-43. 
173 
Robson, R.M. (1995) Myofibrillar and cytoskeletal structures and proteins in mature 
skeletal muscle cells. In: Expression of Tissue Proteinases and Regulation of Protein 
Degradation as Related to Meat Quality (A. Ouali, D. Demeyer and F.J. Smulders, 
eds.), pp. 267-288, Ecceamst, The Netherlands. 
Robson, R.M., Goll, D.E., Arakawa, N. and Stromer, M.H. (1970) Purification and 
properties of a-actinin from rabbit skeletal muscle. Biochim. Biophys. Acta 200, 296-
318. 
Robson, R.M. and Zeece, M.G. (1973) Comparative studies of a-actinin from porcine 
cardiac and skeletal muscle. Biochim. Biophys. Acta. 295, 208-224. 
Root, D.D. and Wang, K. (1994) Calmodulin-sensitive interaction of human nebulin 
fragments with actin and myosin. Biochemistry 33, 12581-12591. 
Rubenstein, P.A. (1990). The functional importance of multiple actin isoforms. BioEssays 
12, 309-315. 
Rudnicki, M.A., Braun, T., Hinuma, S. and Jaenisch, R. (1992) Inactivation of myoD in 
mice leads to up-regulation of the myogenic HLH gene myf-5 and results in apparently 
normal muscle development. Cell 71, 383-390. 
Saad, A.D., Pardee, J.D. and Fischman, D.A. (1986) Dynamic exchange of myosin 
molecules between thick filaments. Proc. Natl. Acad. Sci. U.S.A. 83, 9483-9487. 
Sambrook, J., Fritsch, E.G. and Maniatis, T. (1989) Molecular Cloning: A Laboratory 
Manual, 2nd Ed., Cold Spring Harbor Laboratory, Cold Spring Harbor, NY. 
Sandoval, LV., Colaco, C.A.L.S. and Lazarides, E. (1983) Purification of the 
intermediate filament-associated protein, synemin, from chicken smooth muscle. 
Studies on its physicochemical properties, interaction with desmin, and 
phosphorylation. J. Biol. Chem. 258, 2568-2576. 
Schafer, D.A., Waddle, J.A. and Cooper, J.A. (1993) Localization of CapZ during 
myofibrillogenesis in cultured chicken muscle. Cell Motil. Cytoskeleton 25, 317-335. 
Sejersen, T. and Lendahl, U. (1993) Transient expression of the intermediate filament 
nestin during skeletal muscle development. J. Cell Sci. 106, 1291-1300. 
Sheetz, M.P. and Spudich, J.A. (1983) Movement of myosin-coated fluorescent beads on 
actin cables in vitro. Nature 303, 31-35. 
174 
Shimada, Y. and Obinata, T. (1977) Polarity of actin filaments at the initial stage of 
myofibril assembly in myogenic cells in vitro. J. Cell Biol 72, 777-785. 
Shimizu, N. and Obinata, T. (1986) Actin concentration and monomer-polymer ratio in 
developing chicken skeletal muscle. J. Biochem. 99, 751-759. 
Shirinsl^, V.P., Bushueva, T.L. and Frolova, S.L. (1988) Caldesmon-calmodulin 
interaction. Study by the method of protein intrinsic tryptophan fluorescence. Biochem. 
J. 255, 203-208. 
Shoeman, R.L. and Traub, P. (1993) Assembly of intermediate filaments. BioEssays 15, 
605-611. 
Simard, J-L., Cossette, L.J., Rong, P-M., Martinoli, M.G., Pelletier, G. and Vincent, M. 
(1992) Isolation of IFAPa-400 cDNAs: evidence for a transient cytostructural gene 
activity common to the precursor cells of the myogenic and the neurogenic cell 
lineages. Dev. Brain Res. 70, 173-180. 
Sjoberg, G., Jiang, W-Q., Ringertz, N.R., Lendahl, U. and Sejersen, T. (1994) 
Colocalization of nestin and vimentin/desmin in skeletal muscle cells demonstrated by 
three-dimensional fluorescence digital imaging microscopy. Exp. Cell Res. 214, 447-
458. 
Skalli, O., Chou, Y-H. and Goldman, R.D. (1992) Intermediate filaments: not so tough 
after all. Trends Cell Biol. 2, 308-312, 
Skalli, O., Jones, J.C.R., Gagescu, R. and Goldman, R.D. (1994) IFAP 300 is common 
to desmosomes and hemidesmosomes and is a possible linker of intermediate filaments 
to these junctions. J. Cell Biol. 125, 159-170. 
Small, J.V. (1974) Contractile units in vertebrate smooth muscle cells. Nature 249, 324-
327. 
Small, J.V. (1977) The contractile and cytoskeletal elements of vertebrate smooth muscle. 
In; Excitation-Contraction Coupling in Smooth Muscle. (R. Casteels et al., eds.), pp. 
305-315, Elsevier/North-Holland, Amsterdam. 
Small, J.V., Furst, D.O. and Thomell, L-E. (1992) The cytoskeletal lattice of muscle 
cells. Eur. J. Biochem. 208, 559-572. 
Snedecor, G.H. and Cochran, W.G. (1989) Statistical Methods, 8th Ed., Iowa State 
University Press, Ames, lA. 
175 
Sobue, K., Muramoto, Y., Fujita, M., and Kakiuchi, S. (1981) Purification of a 
calmodulin-binding protein from chicken gizzard that interacts with F-actin. Proc. 
Natl. Acad. ScL U.S.A. 78, 5652-5655. 
Somlyo, A.P. and Somlyo, A.V. (1992) Smooth muscle structure and function. In: The 
Heart and Cardiovascular System, 2nd ed., (H.A. Fozzard et al., eds.), pp. 1295-
1324, Raven Press, Ltd., New York. 
Somlyo, A.P. and Somlyo, A.V. (1994) Signal transduction and regulation in smooth 
muscle. Nature 2/11, 231-236. 
Sommer, J.R. and Jennings, R.B. (1992) Ultrastructure of cardiac muscle. In: The Heart 
and Cardiovascular System, 2nd ed., (H.A. Fozzard et al., eds.), pp. 3-50, Raven 
Press, Ltd., New York. 
Stappenbeck, T.S., Bomslaeger, E.A., Corcoran, C.M., Luu, H.H., Virata, M.L. and 
Green, K.J. (1993) Functional analysis of desmoplakin domains; specification of the 
interaction with keratin versus vimentin intermediate filament networks. J. Cell Biol. 
123, 691-705. 
Steinert, P.M. and Parry, D.A. (1985) Intermediate filaments: conformity and diversity of 
expression and structure. Annu. Rev. Cell Biol. 1, 41-65. 
Steinert, P.M. and Roop, D.R. (1988) Molecular and cellular biology of intermediate 
filaments. Amu. Rev. Biochem. 57, 593-625. 
Steinert, P.M., Idler, W.W., Cabral, F., Gottesman, M.M. and Goldman, R.D. (1981) In 
vitro assembly of homopolymer and copolymer filaments from intermediate filament 
subunits of muscle and fibroblastic cells. Proc. Natl. Acad. Sci. U.S.A. 78, 3692-
3696. 
Steinert, P.M., Idler, W.W. and Zimmerman, S.B. (1976) Self-assembly of bovine 
epidermal keratin filaments in vitro. J. Mol. Biol. 108, 547-567. 
Stewart, M. (1990) Intermediate filaments; Structure, assembly and molecular 
interactions. Curr. Opin. Cell Biol. 2, 91-100. 
Stick, R. (1992) The gene structure of Xenopus nuclear lamin A; a model for the evolution 
of A-type from B-type lamins by exon shuffling. Chromosoma 101, 566-574. 
Stromer, M., Huiatt, T., Richardson, F. and Robson, R. (1981) Disassembly of synthetic 
10-nm filaments from smooth muscle into protofilaments. Eur. J. Cell Biol. 25, 136-
143. 
176 
Stromer, M.H. (1990) Intermediate (10-nm) filaments in muscle. In: Cellular and 
Molecular Biology of Intermediate Filaments (R.D. Goldman and P.M. Steinert, 
eds.), pp. 19-36, Plenum Publishing Corp., New York. 
Stromer, M.H. (1995) Immunocytochemistry of the muscle cell cytoskeleton. Microsc. 
Res. Tech. 31, 95-105. 
Suzuki, A., Goll, D.E., Singh, L, Allen, R.E., Robson, R.M. and Stromer, M.H. (1976) 
Some properties of purified skeletal muscle a-actinin. J. Biol. Chem. 251, 6860-6870. 
Takano, E., Maki, M., Mori, H., Hatanaka, M., Marti, T., Titani, K., Kannagi, R., Ooi, 
T. and Murachi, T. (1988) Pig heart calpastatin: Identification of repetitive domain 
structures and anomalous behavior in polyacrylamide gel electrophoresis. Biochemistry 
27, 1964-1972. 
Takano-Ohmuro, H., Obinata, T., Kawashima, M, Masaki, T. and Tanaka, T. (1985) 
Embryonic chicken skeletal, cardiac, and smooth muscles express a common embryo-
specific myosin light chain. J. Cell Biol. 100, 2025-2030. 
Tapscott, S.J. and Weintraub, H. (1991) MyoD and the regulation of myogenesis by helix-
loop-helix proteins. J. Clin. Invest. 87, 1133-1138. 
Thompson, M.A. and Ziff, E.B. (1989) Structure of the gene encoding peripherin, an 
NGF-regulated neuronal-specific type IK intermediate filament protein. Neuron 2, 
1043-1053. 
Tokuyasu, K.T., Maher, P.A. and Singer, S.J. (1984) Distribution of vimentin and desmin 
in developing chick myotubes in vivo. 1. Immunofluorescence study. J. Cell. Biol. 98, 
1961-1972. 
Tokuyasu, K.T., Maher, P.A. and Singer, S.J. (1985) Distribution of vimentin and desmin 
in developing chick myotubes in vivo. II. Immunoelectron microscopic study. J. Cell. 
Biol. 100, 1157-1166. 
Towbin, H., Staehelin, T. and Gordon, J. (1979) Electrophoretic transfer of proteins firom 
polyacrylamide gels to nitrocellulose sheets; Procedure and some applications. Proc. 
Natl. Acad. Sci. V.S.A. 76, 4350-4355. 
Traub, P. and Shoeman, R.L. (1994) Intermediate filament proteins: cytoskeletal elements 
with gene-regulatory function? Intern. Rev. Cytol. 154, 1-103. 
177 
Turner, D.C., Walliman, T. and Eppenberger, H.M. (1973) A protein that binds 
specifically to the M-line of skeletal muscle is identified as the muscle form of creatine 
kinase. Proc. Natl. Acad. Sci. U.S.A. 70, 702-705. 
Turner, R. and Tjian, R. (1989) Leucine repeats and an adjacent DNA binding domain 
mediate the formation of functional cFos-cJun heterodimers. Science 243, 1689-94. 
Vandekerckhove, J. (1990) Actin-binding proteins. Curr. Opin. Cell Biol. 2, 41-50. 
Vandekerckhove, J. and Weber, K. (1978a) At least six different actins are expressed in a 
higher mammal: an analysis based on the amino acid sequence of the amino-terminal 
tryptic peptide. J. Mol. Biol. 126, 783-802. 
Vandekerckhove, J. and Weber, K. (1978b) Mammalian cytoplasmic actins are the 
products of at least two genes and differ in primary structure in at least 25 identified 
positions from skeletal muscle actins. Proc. Natl. Acad. Sci.U.S.A. 75, 1106-1110. 
Vandekerckhove, J. and Weber, K. (1980) Vegetative Dictyostelium cells containing 17 
actin genes express a single major actin. Nature 284, 475-477. 
Vaughan, K.T., Weber, F.E., Hnheber, S. and Fischman, D.A. (1993) Molecular cloning 
of chicken myosin-binding protein (MyBP) H (86-kDa protein) reveals extensive 
homology with MyBP-C (C-protein) with conserved immunoglobulin C2 and 
fibronectin type m motifs. J. Biol. Chem. 268, 3670-3676, 
Vigoreaux, J.O. (1994) The muscle Z band: lessons in stress management. J. Muscle Res. 
CellMotil. 15, 237-255. 
Vincent, M. and LaHaie, C. (1988) Identification of a developmentally modulated, 
intermediate filament associated protein in the chick embryo. Biochem. Cell Biol. 66, 
184-192 
Vincent, M., Levasseur, S., Currie, R.W. and Rogers, P.A. (1991) Persistence of an 
embryonic intermediate filament-associated protein in the smooth muscle cells of elastic 
arteries and in Purkinje fibers. J. Mol. Cell Cardiol. 23, 873-882. 
Vorburger, K., Lehner, C.F., Kitten, G.T., Eppenberger, H.M. and Nigg, E.A. (1989) A 
second higher vertebrate 6-Qrpe lamin. cDNA sequence determination and in vitro 
processing of chicken lamin B2. J. Mol Biol. 208, 405-415. 
Wang, K- and Williamson, C. (1980) Identification of an N2 line protein of striated 
muscle. Proc. Natl. Acad. Sci. U.S.A. 77, 3254-3258. 
178 
Wang, K., Knipfer, M., Huang, Q.Q., Vanheerden, A., Hsu, L.C.L., Gutierrez, G., 
Quian, X.L. and Stedman, H. (1996) Human skeletal muscle nebulin sequence encodes 
a blueprint for thin filament architecture. Sequence motifs and affmity profiles of 
tandem repeats and terminal SH3. J. Biol. Chem. 271, 4304-4314. 
Wang, K., McClure, J. and Tu, A. (1979) Titin: major myofibrillar components of striated 
muscle. Proc. Natl Acad. Sci. U.S.A. 76, 3698-3702. 
Weber, A., Pennise, C.R., Babcock, G.G. and Fowler, V.M. (1994) Tropomodulin caps 
the pointed ends of actin filaments. J. Cell Biol. 127, 1627-1635 
Wiche, G. (1989) Plectin: general overview and appraisal of its potential role as a subunit 
protein of the cytomatrix. Crit. Rev. Biochem. Mol. Biol. 24, 41-67. 
Wiche, G., Becker, B., Luber, K., Weitzer, G., Castanon, M.J., Hauptmann, R., 
Stratowa, C. and Stewart, M. (1991) Cloning and sequencing of rat plectin indicates a 
466-kD polypeptide chain with a three-domain structure based on a central alpha-helical 
coiled coil. J. Cell Biol. 114, 83-99. 
Wiche, G., Gromov, D., Donovan, A., Castanon, M.J. and Fuchs, E. (1993) Expression 
of plectin mutant cDNA in cultured cells indicates a role of COOH-terminal domain in 
intermediate filament association. 7. Cell Biol. 121, 607-619. 
Williams, S.C., Cantwell, C.A. and Johnson, P.F. (1991) A family of C/EBP-related 
proteins capable of forming covalently linked leucine zipper dimers in vitro. Genes 
Dev. 5, 1553-1567. 
Wu, Y.J., Parker, L.M., Binder, N.E. Beckett, M.A., Sinard, J.H., Griffiths, C.T. and 
Rheinwald, J.G. (1982) The mesothelial keratins: a new family of cytoskeletal proteins 
identified in cultured mesothelial cells and nonkeratinizing epithelia. Cell 31, 693-703. 
Yagyu, M., Robson, R.M. and Stromer, M.H. (1990) Identification of intermediate 
filaments in mature mammalian skeletal muscle by transmission electron microscopy. 
Proc. 12th Int. Congr. Electr. Micros. 3, 454-455. 
Yamaguchi, M., Izumimoto, M., Robson, R.M. and Stromer, M.H. (1985) Fine structure 
of wide and narrow vertebrate muscle Z-lines. A proposed model and computer 
simulation of Z-line architecture. J. Mol. Biol. 184, 621-6^. 
Yamaguchi, M., Robson, R.M., Stromer, M.H. and Dahl, D.S. (1978) Actin filaments 
form the backbone of nemaline myopathy rods. Nature 271, 265-267. 
179 
Yamaguchi, M., Robson, R.M., Stromer, M.H., Dahl, D.S. and Oda, T. (1982) 
Nemaline myopathy rod bodies. J. Neurol. Sci. 56, 35-56. 
Yamaguchi, M., Yamano, S., Muguruma, M. and Robson, R.M. (1988) Polarity and 
length of actin filaments at the fascia adherens of the cardiac intercalated disk. J. 
JJltrastruct. Mol. Struct. Res. 100, 235-244. 
Yang, H-Y., Lieska, N., Goldman, A.E. and Goldman, R.D. (1985) A 3(X),000-mol-wt 
intermediate filament-associated protein in baby hamster kidney (BHK-21) cells. J. Cell 
Biol. 100, 620-631. 
Yuan, J., Simos, G., Blobel, G. and Georgatos, S. D. (1991) Binding of lamin A to 
polynucleosomes. J. Biol. Chem. 266, 9211-9215. 
Zeece, M.G., Robson, R.M. and Bechtel, P.J. (1979) Interaction of a-actinin, filamin and 
tropomyosin with F-actin. Biochim. Biophys. Acta. 581, 365-370. 
Zehner, Z.E., Li, Y., Roe, B.A., Paterson, B.M. and Sax, C.M. (1987) The chicken 
vimentin gene. Nucleotide sequence, regulatory elements, and comparison to the 
hamster gene. J. Biol. Chem. 262, 8112-8120. 
Zhuo, S., Clemens, J.C., Hakes, D.J., Barford, D, and Dixon, J.E. (1993) Expression, 
purification, crystallization, and biochemical characterization of a recombinant protein 
phosphatase. J. Biol. Chem. 268, 17754-17761. 
Zimmerman, L., Lendahl, U., Cunningham, M., McKay, R., Parr, B., Gavin, B., Mann, 
J., Vassileva, G. and McMahon, A. (1994) Independent regulatory elements in the 
nestin gene. Direct transgene expression to neural stem cells or muscle precursors. 
Neuronll, 11-24. 
Zot, A.S. and Potter, J.D. (1987) Structural aspects of troponin-tropomyosin regulation of 
skeletal muscle contraction. Armu. Rev. Biophys. Chem. 16, 535-559. 
180 
ACKNOWLEDGMENTS 
I would like to thank my major professor, Dr. Richard Robson, for the opportunity to 
pursue my doctoral degree, guidance, advice, and the time he has spent helping me prepare 
this dissertation. I also would like to thank the members of my committee. Dr. Marv 
Stromer, Dr. Ted Huiatt, who substituted for Dr. Stromer in his absence. Dr. Jack Homer, 
Dr. A1 Trenkle, and Dr. Don Dyer for their time and input. 
The help of all the members of the Muscle Biology Group has been invaluable. I would 
especially like to thank Dr. Bruno Becker for teaching me the molecular biology techniques 
used to clone and sequence paranemin. Special thank yous go to fellow graduate student 
Rob Bellin for all of his support and help with subcloning, PCR, and computer analysis of 
DNA sequence, and to Drs. Jean Schmidt, Jinwen Zhang, and Elizabeth Lonergan for their 
help with column chromatography. I would like to thank the undergraduate students, Steve 
Stolp and Jill Wertjes, for their help in cloning, testing, and maintaining all of the 
hybridoma cell-lines. I thank Dr. Stromer for his expert assistance and advice in frozen 
section pFq>arations, immunofluorecence labeling, photomicrography, and printing. I also 
would like to thank Suzy Semett, Mary Sue Mayes, and Jo Phillips for their technical 
assistance. I very much appreciate the friendship and comradery I have experienced in the 
Muscle Biology Group. 1 will miss that very much. 
Lastly, and most importantly, I thank my wife, Ann, and my daughter, Nicole, for 
their unconditional love, persistent prayers, and constant support throughout my studies. 
Without them, my goal of completing this dissertation would not have materialized. 
